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Message from President of TIChE 
Dear Esteemed Colleagues, Distinguished Guests and Delegates of the 33rd 

TIChE conference  

 

On behalf of The Thai Institute of Chemical Engineering and Applied 

Chemistry, I extend our heartfelt gratitude to each of you for your invaluable 

contributions to the success of the 33rd Annual TIChE Conference, themed 

"Smart Solutions to Environmental Sustainability for a Better World." 

 

As we gather for the 33rd Annual TICHE Conference, I am also delighted to 

announce two significant programs that will undoubtedly enrich our event and 

highlight the exceptional talent within our community. 

 

Firstly, it is with great pleasure that we will unveil the winners of the 2023-2024 National Design 

Project Competition. This prestigious competition serves as a platform for the  senior chemical 

engineering students from around the nation to apply their knowledge to the real industrial design 

problem. The dedication and ingenuity demonstrated by participants are truly commendable, and we 

eagerly anticipate celebrating their achievements. This year, the competition is supported by SCG 

Chemicals Plc. and PTT Plc. 

 

In addition, we are thrilled to recognize the outstanding projects submitted to the TIChE Senior Project 

Contest. This contest provides a platform for senior students to showcase their remarkable research and 

project work, reflecting their commitment to academic excellence and practical innovation. We commend 

the participants for their hard work, creativity, and dedication to advancing the field of chemical 

engineering and applied chemistry. 

 

As we applaud the winners of these esteemed competitions, let us also extend our appreciation to all 

participants for their contributions and dedication to excellence. Your passion and commitment inspire 

us all to push the boundaries of knowledge and innovation in pursuit of a better world. 

 

And of course, our sincere appreciation goes to the Department of Chemical Engineering, RMUTT, for 

their unwavering support and collaboration in organizing this esteemed gathering. Their dedication and 

commitment have been instrumental in bringing together professionals and scholars to exchange ideas 

and insights on pressing environmental challenges. 

 

We also extend our deepest appreciation to our esteemed keynotes and plenary speakers whose expertise 

and passion will illuminate our discussions and inspire innovative solutions. Your invaluable 

contributions enrich the dialogue and propel us towards actionable outcomes in the realm of 

environmental sustainability. 

 

To our sponsors, and supporters, we express our gratitude for your generous contributions and 

unwavering commitment to advancing the frontiers of chemical engineering and applied chemistry. 

Your support enables us to foster meaningful dialogue and drive impactful change in our quest for a 

more sustainable world. 

 

As we convene at the enchanting Krungsri River Hotel in Ayutthaya, Thailand, I am filled with 

optimism and anticipation for the transformative conversations and collaborations that lie ahead. 

Together, we have the power to shape a brighter, greener future for generations to come. 

 

Once again, thank you for your dedication, enthusiasm, and unwavering commitment to environmental 

sustainability. Your presence enriches our community and strengthens our collective resolve to build a 

better world. 

 

With deepest gratitude and warm regards, 

 
Surachate Chalothorn 

President 

The Thai Institute of Chemical Engineering and Applied Chemistry 



 

b 

 

Message from President of RMUTT 

 
Welcome distinguished guests to the 33rd Thai Institution of Chemical 

Engineering and Applied Chemistry International Conference 

(TIChE2 0 24)  which was held on 7-8th March, 2 0 24 at Krungsri River 

Hotel, Ayutthaya, Thailand. TIChE2024 was hosted by the Department 

of Chemical and Materials Engineering, Faculty of Engineering, 

Rajamangala University of Technology Thanyaburi and the Thai 

Institute of Chemical Engineering and Applied Chemistry in the theme 

of “Smart Solution to Environmental Sustainability for Better World”. 

 

The objective of TIChE2024 is to facilitate knowledge exchange, research data and experience 

sharing between researchers, engineers, scientists, students, and interested audiences working in 

the fields of chemical engineering, applied chemistry, and related areas. The rapid development of 

advanced technologies in chemical engineering will be a valuable knowledge exchange between our 

participants as well as academic network. 

 

On behalf of Rajamangala University of Technology Thanyaburi, I would like to express my sincere 

gratitude to the TIChE2024 conference participants and organizers for their tireless work during 

the preparation period. I am confident that the conference will serve as a productive platform for 

researchers and attendees to exchange knowledge, strengthening the network for upcoming 

national and international research initiatives. 

 

 
Sommai Pivsa-Art, Ph.D. 

President 

Rajamangala University of Technology Thanyaburi 
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Abstract 

One of the major greenhouse gases contributing to the global warming comes from carbon 

dioxide (CO2) which is commonly produced through fossil fuel combustion, industrial 

processes, transportation, volcanic eruption and forest fire. It is very crucial to solve the 

problem by reducing CO2 before emission to atmosphere which can be done by adsorption of 

silica, zeolite, metal-organic frameworks or polymeric material. In this work, the polymeric 

adsorbent material of rubber scrap from silicone manufacture was chosen to study as the CO2 

adsorbent. The characterization of silicone rubber was examined by using thermogravimetric 

analysis, durometer and tensile testing machine. The effect of hardness (50-70 shore A) on the 

CO2 adsorption capacity was investigated and the regeneration of adsorbent material was 

established by 5 adsorption-desorption cycles. The result showed that the CO2 adsorption 

capacity increased with the increase of hardness of silicone rubber. Moreover, CO2 adsorption 

capacity of silicone rubber was higher than that of natural rubber under the same condition. 

This result referred that silicone rubber can be used as an alternative adsorbent material for CO2 

capture. 

Keywords: Silicone rubber; CO2 capture; CO2 adsorption; Polymeric adsorbent 

1. Introduction

Carbon dioxide (CO2) is a vital gas for life on earth and presents in natural sources.

However, it would be dangerous when it is uncontrollably emitted from different manmades 

and natural sources such as fossil fueled power plants, industrial processes, transportation, 

volcanic eruption and forest fire. The accumulation of CO2 in the atmosphere as one of the most 

important global greenhouse gasses may cause global warming, sea level rise and ocean 

acidification as signs of sever climate changes.[1] It is very crucial to solve the problem by 

reducing CO2 before emission to atmosphere. For controlling CO2 emission in atmosphere, 

various CO2 capture methods are available such as absorption, adsorption, cryogenic 

distillation, and membrane separation. Currently, the most commonly used method for carbon 

capture and separation in the industry is the amine absorption because of the longest 

development history, mature technology and stable operation. However, this technique has 

many disadvantages such as the instability of amine and its high energy requirement for 

1
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regeneration. Other problems include equipment corrosion and amine poisoning. Therefore, 

many researchers have focused on the porous adsorption materials such as silica, metal–organic 

frameworks and zeolites because such adsorbent materials can achieve intrinsically lower 

energy consumption and less toxicity than amine solution. [2] In recent years, the polymeric 

adsorbent is attractively interesting and developing due to their ease of regeneration, good 

thermal stability and low energy requirement. In order to increase  the adsorption capacity and 

selectivity of the adsorbent toward CO2, the heteroatoms such as nitrogen or oxygen play an 

important role to increase the active sites as Lewis base for CO2 capture. [3] 

A lot of silicone rubber scrap/waste were produced from production and laboratory in 

silicone manufacturer. It is very interesting to reduce and utilize the silicone rubber scrap/waste 

as sustainable material for support circular economy. Therefore, this study focuses on the scrap 

of silicone rubber using as the novel alternative CO2 adsorbent. The characterization of silicone 

rubber was analyzed by thermal and mechanical properties using thermal gravimetric analysis, 

durometer, and tensile testing machine. Additionally, the optimization of hardness were studied 

to investigate the maximum CO2 adsorption capacity for silicone rubber scrap. 

2. Material and Method

2.1 Materials 

The silicone rubbers sheet with 50, 60 and 70 hardness Shore A were provided and 

supported by Shin-Etsu Silicones (Thailand) Limited (Rayong), Thailand. 99.99% Nitrogen gas 

(N2) and mixed gas (12% CO2/88% N2) were purchased from Thai-Japan Gas Co., Ltd. 

(Thailand).  

2.2 Preparation of silicone rubber particles 

Silicone rubber sheet from manufacturer was ground by a two roll mill and sieved by using 

mesh sieve No.20. The obtained particle size of silicone rubber was less than 840 m. The 

sample code was S50, S60 and S70, respectively according to the hardness value. 

2.3 Mechanical and thermal properties 

The hardness of silicone rubber was performed at room temperature (~25 ºC) according to 

JIS K 6249. The Bareiss Digitest BS09 (Germany) instrument was used with the shore A 

method and the thickness of sample was 6 mm. The hardness was repeatedly measured for 3 

times and obtained an average value.  

The tensile test was performed in accordance with JIS K 6249 using a Shimadzu AG-X 

(Japan). Dumbbell-shaped specimens were prepared by a pneumatic cutter. Testing was 

conducted with a 1000 N load cell at the rate of 500 mm/min. Three test pieces of each sample 

were tested, and the average tensile strength and elongation at break values were reported. 

The thermal stabilities of samples were analyzed by thermogravimetric analysis TG/DTA  

Perkin Elmer Pyris diamond (USA) with a heating rate of 10 ºC/min from 40 to 1000 ºC under 

N2 atmosphere. 
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2.6 Adsorption - desorption 

For CO2 adsorption, the silicone material was contained in a stainless reactor under an 

ambient temperature and pressure. First, the pre-treatment of sample was done by heating at 

80 ºC under vacuum for 20 min to remove the adsorbed gas in the sample. After that, the sample 

was cooled down to ambient temperature under a N2 flow. Then, the mixed gas (12: 88 (v/v) 

CO2: N2) was flowed in the reactor at 80 mL/min. The CO2 concentration and gas temperature 

were detected by sensor at the outlet of reactor. The CO2 adsorption capacity was calculated 

from the difference between the CO2 adsorption capacity of the sample and blank based on Eq. 

(1). 

q = 
1

𝑀
[∫ 𝑄(𝑐0 − 𝑐)𝑑𝑡

𝑡

0
]
𝑃

𝑅𝑇
         (1) 

where q is the adsorption capacity of CO2 (mmol/g), M is the mass of adsorbent (g), Q is the 

gas flow rate (mL/min), c0 and c are inlet and outlet CO2 concentration (%vol), respectively,     

t is the denoted time (min), P is the gas pressure (atm), R is the gas constant (82.0573 cm3

atm/Kmol) and T is the gas temperature (K) 

2.7 Regeneration 

The stability of silicone material was studied through the adsorption and desorption process. 

Once the sample got the saturated CO2 adsorption, the desorption was done under pure N2 gas 

with the flow rate of 80 mL/min at 80 ºC for 20 min. The adsorption–desorption cycles were 

repeated 5 times to investigate the regeneration capability of the silicone material. 

3. Results and discussion

3.1. Mechanical properties of silicone materials 

Figure 1 shows the mechanical properties of silicone materials. The mechanical properties of 

silicone depended on the proportion of polydimethylsiloxane (PDMS) and silica in silicone 

scrap rubber. Based on the information from silicone material provider, S70 had the highest 

silica content of 20%w/w followed by 17%w/w for S60 and 15%w/w for S50. The hardness 

values of silicone materials were 50 (S50), 60 (S60) and 70 (S70), respectively. These results 

indicated that high silica content in silicone materials could improve the mechanical properties 

of adsorbent materials. The tensile strength of S50, S60 and S70 was 10.8, 9.8 and 9.7 N/mm2, 

respectively and the elongation at break of those samples was the silica content 699, 538 and 

469 %, respectively. It was shown that the tensile strength and elongation at break of silicone 

materials tended to decrease with increasing the silica content. During stretched silicone rubber, 

silica particles obstructed the alignment of PDMS in silicone rubber resulting in the decrease 

of the tensile strength and elongation at break of silicone rubber. In addition, the silicone rubber 

was more brittle by the increase of the silica content. Consequently, S70 has the highest 

hardness, then the sample became brittle resulting in lowest tensile strength and elongation at 

break. 
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Fig. 1 Mechanical properties of silicone material (a) hardness, (b) tensile strength and 

(c) elongation at break.

3.2. Thermal properties of silicone materials 

The thermogravimetric (TG) curves of the silicone materials (S50, S60 and S70) were shown 

in Figure 2. For all silicone materials, the initial weight loss started from 220 °C to 350 °C 

belonged to the decomposition of residual silicone monomer. Then, the main weight loss 

occurred from 350 °C to 700 °C due to the weight loss of polydimethylsiloxane (PDMS). The 

total weight loss of silicone materials were 22.86%, 22.75% and 20.83% for S50, S60 and S70, 

respectively. After that silicone rubber completely decomposed at 800 ºC and formed as silica. 

The final residue weight was 70.94 % for S50, 71.68 % for S60 and 71.76% for S70 referred to 

silica powder. 
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Fig. 2 Thermogravimetric curves of the silicone materials. 

3.3. CO2 adsorption capacity 

Figure 3 shows the breakthrough curves of silicone materials. A breakthrough curve was 

plotted between the percentage of the CO2 concentration and time. Initially, the amount of CO2 

was not detected in the outlet gas because the inlet CO2 was completely adsorbed on the silicone 

material. The curves slightly and continuously increased, since the CO2 adsorption capacity of 

silicone material slightly decreased, resulting in CO2 concentration at the outlet gas decreased. 

Finally, the curves became constant at 12 % (outlet CO2 concentration equals that of the inlet) 

because the silicone material were saturated with CO2.  

The total CO2 adsorption capacity of silicone materials was calculated from the 

breakthrough curves and summarized in Table 1. The highest CO2 adsorption capacity was 

obtained by S70 (7.00 mg CO2/g sorbent), followed by S60 (4.73 mg CO2/g sorbent) and S50 

(4.62 mg CO2/g sorbent), respectively. These results indicated that the silicone material can be 

used as the adsorbent material for CO2 capture. It was because the chemical structure of silicone 
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material presents the oxygen atom, which is acting as the active site like Lewis base to enhance 

CO2 capture. Apart from oxygen atom in silicone’s chemical structure, the presence of silica 

content in silicone rubber also helps to improve the CO2 adsorption capacity and mechanical 

properties. In addition, the CO2 adsorption capacity of S70 (7.00 mg CO2/g sorbent) was higher 

than that of natural rubber (1.81 mg CO2/g sorbent) [5] by an approximately 3.9 times because 

the natural rubber had no silica and oxygen atom in its structure resulting in its low CO2 

adsorption capacity. 

Fig. 3 Breakthrough curves of the S50, S60 and S70 

Table 1. Comparison of CO2 adsorption capacity. 

Sample Name Experimental condition 
CO2 adsorption 

capacity 
Reference 

CO2 

(vol.%) 

Silica content 

(%) 
(mg CO2/g sorbent) 

S50 12 15 4.62 Present work 

S60 12 17 4.73 Present work 

S70 12 20 7.00 Present work 

Natural rubber 12 - 1.81 [5] 
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3.4. Regeneration of silicone material 

Five adsorption–desorption cycles were studied for S70. The results presented in Figure 

4 showed that the CO2 adsorption capacity of S70 was slightly decreased after 3 cycles from 

7.02 mg CO2 / g sorbent to 6.91 mg CO2 / g sorbent and its seemed to be constant up to 5 cycles. 

These results implied that the silicone rubber has stable adsorption capacity. 

Fig. 4 CO2 adsorption capacity of S70 over 5 adsorption-desorption cycles. 

4. Conclusion

In this work, the silicone material was selected to study CO2 adsorption as the adsorbent

material. The CO2 adsorption capacity of silicone material increased with the increase of silica 

content. The highest CO2 adsorption capacity of S70 was obtained up to 7.00 mg CO2 /g sorbent 

at ambient temperature and atmosphere pressure. Additionally, the S70 showed the good 

thermal and mechanical properties, and it also can be reused up to 5 cycles. Accordingly, the 

silicone material can be used as an alternative adsorbent material for CO2 capture. 
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Abstract 

Molecular dynamics (MD) simulation was conducted to investigate the equilibrium behavior 

of tetrabutylphosphonium acetate ([P4444][AcO]) and tetrabutylphosphonium diethylphosphate 

([P4444][DEP]) with CO2/H2S at 333.15 K and 1.01 bar. The GAFF (General Amber Force Field) 

was selected from the available forcefields to explore potential modifications that could 

enhance the consistency between simulated properties and experimental data. Analysis of the 

radial distribution function confirmed a physical interaction between the ionic liquids and the 

gases. The two ionic liquids have a large free volume that decreases after the absorption of CO2 

but increases with H2S which could be attributed to the angular geometry and polarity of H2S. 

This is supported by the significant negative Coulombic Energy observed in the two ionic liquid 

systems after absorption of H2S and its subsequent lower diffusivity. The molar diffusivity of 

the gases is higher in [P4444][DEP] and the self-diffusivity coefficient of CO2 is 97.2% greater 

than that of H2S in the same ionic liquid. This work revealed that [P4444][DEP] can be 

considered and further studied for devising low-cost phosphonium-based ionic liquid for CO2 

capture.  

Keywords: MD simulation, phosphonium-based ionic liquids, gas separation 

1. Introduction

Gas processing plants separate carbon dioxide (CO2), hydrogen sulfide (H2S), and other 

acid gases from gas mixtures. The removal of these gases from the gas mixtures to meet 

transport and selling specifications is necessary to avoid health and technical problems [1]. The 

methods employed for this purpose include chemical solvents, physical solvents, and 

membranes. Chemical solvents, like amines, react with acid gases to form stable compounds 

that can be easily separated [2]. Physical solvents, such as glycols, absorb acid gases through 

physical interactions without chemical reactions [3]. Membrane separation relies on the 

selective permeation of gases through semi-permeable membranes [4]. However, each method 

presents its challenges. Consequently, the exploration of alternative materials is underway. 

Molecular Dynamics (MD) simulation is a technique used to investigate the dynamics and 

thermodynamic properties at the molecular level [5]. MD simulation principle integrates the 

equation of motion on each particle in the system to trace their trajectories which pave the way 

for analyzing the time evolution of the particles. This technique is employed in studying various 

systems such as that of gas absorption by Ionic Liquids (ILs) [6]. 

ILs are ionic compounds that are liquids at temperatures below 100 0C [7]. They have 

essential properties like non-flammability, non-volatility, and higher thermal stability which 

facilitates their usage as green solvents for various purposes [8]. Phosphonium-based Ionic 

Liquids (PPILs) are ionic liquids with quaternary phosphonium cation. It was reported that 
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PPILs have a higher capacity for dissolving CO2 on a mole fraction basis than imidazolium-

based ILs of the same anion [9].  

In this study, MD simulation was employed to investigate the equilibrium interaction of 

tetrabutylphosphonium acetate ([P4444][AcO]) and tetrabutylphosphonium diethylphosphate 

([P4444][DEP]) with CO2/H2S at 333.15 K and 1.01 bar. Following this introductory part is a 

brief explanation of the forcefield employed and the simulation method adopted. The radial 

distribution function, self and molar diffusivities, Coulombic energy, and free volume in the 

systems were investigated. The concluding remark is provided at the end. 

2. Forcefield and Simulation Method

2.1  Forcefield 

       General Amber Force Field (GAFF) [10] is parametrized on all the organic molecules was 

chosen to explore potential modifications that could enhance the consistency between 

simulation and experimental data. The interactions between a pair of atoms are taken care of by 

the bonded and nonbonded potential terms. The bonded potential terms are mimicked by bond 

stretching, angle bending, and dihedral as seen in Eq. (1):  

𝐸𝑏𝑜𝑛𝑑𝑒𝑑 =  ∑ 𝑘𝑟(𝑟 − 𝑟𝑒𝑞)
2

+  ∑ 𝑘𝜃(𝜃 −  𝜃𝑒𝑞)
2

∑
𝑉𝑛

2
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑎𝑛𝑔𝑙𝑒𝑠𝑏𝑜𝑛𝑑𝑠

[1 + cos (𝑛𝜑 −  ϒ)]     (1) 

Where req and θeq are the equilibrium bond length and angle, kr, kθ and Vn are the bond, angle, 

and dihedral force constants, n is multiplicity, φ is the dihedral angle and ϒ is phase angle for 

the torsional angle parameter. The nonbonded interactions are represented by 12-6 Lennard-

Jones potentials and Coulombic electrostatic interaction terms as seen in Eq. (2):  

𝐸𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 =  ∑ [
𝐴𝑖𝑗

𝑅𝑖𝑗
12  −  

𝐵𝑖𝑗

𝑅𝑖𝑗
6  +  

𝑞𝑖𝑞𝑗

𝜀𝑅𝑖𝑗
]𝑖<𝑗           (2) 

Where R is the distance between atom i and j, A is the depth of the potential energy well and B 

is related to the atomic size and curvature of the potential energy well, qi and qj are the charges 

of the atoms and ε is the permittivity of the medium.  

2.2   Simulation Method 

Avogadro [11] was used to model the molecular structures used in this study (Figure 1) 

which are then submitted to the ACPYPE server [12] to generate the topology with GAFF. 

GROMACS 2023.1 [13] was used to conduct all the simulations. The temperature of the system 

was controlled by the velocity-rescaled modified Berendsen method [14] with a 4.0 ps coupling 

time and pressure is controlled with the stochastic cell rescaling Berendsen method [15] with a 

5 ps relaxation time. Periodic boundary conditions were applied in three dimensions, and a 1.4 

nm cutoff was used for Lennard-Jones interactions. Coulombic interactions were computed by 

the particle-mesh Ewald method with a 0.168 nm grid spacing and a real space cutoff of 1.4 

nm. We chose a 2-fs time step for integrating the equations of motion using the leapfrog 

algorithm, saved the trajectory every 10 ps, and visualize them with UCSF Chimera [16]. 

LINCS algorithm is employed to constrain all the covalent bonds in the system [17]. 
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Fig. 1 The Structure of (a) tetrabutylphosphonium, (b) diethylphosphate, (c) acetate, 

(d) carbon dioxide, and (e) hydrogen sulfide.

Initially, pure systems of the two PPILs with 200 ion pairs were formed using Packmol 

[18] and simulated for validating the model against available experimental work. Then a system

of either of the ionic liquid and CO2/H2S in 1:1 mole proportion were inserted in the center of

a cubic box at 1 nm from its wall. The system was subjected to energy-minimization, followed

by temperature equilibration in canonical ensemble for 2 ns at 333.15 K then 10 ns pressure

equilibration in isothermal-isobaric ensemble at 1.01 bar. MD production was run for 100 ns in

the same isothermal-isobaric ensemble state. Since we intend to investigate the equilibrium

behavior MD production was continued for another 100 ns and the last 40 ns was considered

for analysis as the system reached equilibrium in that period.

3. Results and Discussion

The density of the pure [P4444][AcO] ionic liquid is given in Table 1. Interestingly, there is

an experimental density of this ionic liquid reported elsewhere [19] and our result deviated by 

2.9% only. Experimental density of [P4444][DEP] is scarce in the literature.  

Table 1. Experimental and simulated densities of ionic liquids. 

PPILs 

ρ (kgm-3) 

% Error Experiment Simulation 

[P4444][AcO] 916.4 889.8 2.9 

[P4444][DEP] - 955.3 - 
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3.1   Equilibrium Interactions Behavior 

        To characterize how the studied ionic liquids interact with the acid gases, we evaluate the 

cation-anion radial distribution function as shown in Figure 2. The cation-anion radial 

distribution function of the two ionic liquids remains virtually the same in pure and with 

interacting gases. This signifies the absence of change in the structural arrangement of the 

cations and anions before and after absorption of the gases as such only physical interaction 

exists between the ionic liquids and the gases.  

Fig. 2 Cation-anion radial distribution functions of (a) [P4444][AcO] and (b) [P4444][DEP]. 

3.2   Short-range Coulombic Energies 

        The short-range coulombic interaction energies are presented in Figure 3. When two 

particles attract each other their Coulombic potential energy of interaction is negative but 

positive in case of  repulsion. The magnitude of the energy determines the extent of the 

interaction providing insight into the nature and dynamics of their relationship. As seen in 

Figure 3, all the short-range Coulombic interaction energies are negative indicating the 

electrostatic attraction between the ions and with the absorbed gas at equilibrium. In pure 

[P4444][DEP], the average Coulombic energy is - 23500 kJmol-1. After absorption of CO2 and 

H2S, the energy reduced to – 25560 kJmol-1 and - 28060 kJmol-1 respectively. This testifies that 

favorable electrostatic attraction exists between the gases and [P4444][DEP]. In the [P4444][AcO] 

system, the average Coulombic interaction energy in pure is - 47999 kJmol-1 while after 

absorption of CO2 and H2S it changed to - 46757 kJmol-1 and - 51920 kJmol-1 respectively. The 

trends of ion pair Coulombic interaction energy in pure and after CO2/H2S absorption is 

[P4444][AcO] > [P4444][DEP]. And the energy is greater in H2S-PPILs system than CO2-PPILs 

system. As a result of this high H2S-PPILs interaction energy H2S was found to have lower 

diffusivity in the ionic liquids than CO2. The PPILs under investigation have lower interaction 

energy in pure form than after absorption of either CO2 or H2S except in [P4444][AcO] where 

the interaction energy of the pure ionic liquid is slightly greater than after its absorption of CO2 

see Figure 3. The decrease in Coulombic interaction energy in [P4444][AcO]-CO2 is attributed 

to the less favorable interaction between [P4444][AcO] and CO2, which, in turn, promotes higher 

diffusivity of CO2 than H2S.  
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Fig. 3 Coulombic energy of (a) [P4444][AcO] and (b) [P4444][DEP] systems. 

3.3  Self-diffusivity Coefficient 

      The deviation of the position of a particle from a reference is measured by Mean squared 

Deviation (MSD). It is defined by Eq. (3): 

𝑀𝑆𝐷(𝑡) =  ∑ 〈|𝑟𝑖(𝑡) − 𝑟𝑖(0)|2〉𝑁
𝑖=1 (3) 

Where I = 1, … N are the number of particles, ri(t) and ri(0) is the positions of ith particle at 

time t and 0 respectively. To improve statistical accuracy, the time-average method is used to 

obtain diffusivity from MSD curves of the gases, Figure 4. The curves scaled linearly with time 

indicating the establishment of Einstein diffusivity hence the self-diffusivity coefficient, D is 

defined and obtained by Eq. (4): 

𝐷 =  
1

6𝑁

𝑑

𝑑𝑡
lim
𝑡→∞

∑ 〈|𝑟𝑖(𝑡) − 𝑟𝑖(0)|2〉𝑁
𝑖=1 (4) 

      The mobility of the ions is reported to be dependent on the cation-anion interaction and/or 

molecular weight [6]. Table 2 is the self-diffusivity coefficients of the ions and the gases. [P4444] 

is the common cation for the two ionic liquids under investigation, it has the highest  diffusivity 

in [P4444][DEP] also [DEP] diffuses faster than [AcO]. The higher diffusivities values of the 

ions in [P4444][DEP] is connected to the lowest cation-anion interaction energy and higher size 

of the anion in this ionic liquid. [P4444][AcO] has high ion pair interaction energy as such its 

ions show lower diffusivity values. In the two PPIL under investigation, CO2 shows higher 

diffusivity than H2S and the diffusivity is higher in [P4444][DEP] due to lower interaction energy 

with this ionic liquid. H2S has lower diffusivity due to higher interaction energy with the ionic 

liquids in each case. 

13



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

Figure 4. Mean squared deviation of CO2 and H2S for (a) [P4444][AcO] and (b) [P4444][DEP]. 

Table 2. Self-diffusivity coefficient (D) of the ions and gases. 

PPIL 

Self-Diffusivity Coefficient, D (“x”10-5cm2s-1) 

D+ D- DCO2 DH2S 

[P4444][AcO] 0.00052 0.00047 0.10100 0.03290 

[P4444][DEP] 0.00058 0.00067 0.11760 0.05965 

3.4   Molar Diffusivity 

       The molar diffusivity is a measure of the number of particles and their diffusivity values in 

a system. Figure 5 shows the molar diffusivity of the gases in the two PPILs. From this figure, 

we can understand that there is a greater number of CO2 molecules moving with higher 

diffusivity values in the two PPILs than H2S. This is consistent with the high diffusivity value 

of CO2 we observed in both ionic liquids. 

Fig. 5 Molar diffusivity of CO2 and H2S in (a) [P4444][AcO] and (b) [P4444][DEP]. 
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3.5   Free Volume Change 

        The Free Volume (FV) is evaluated as a function of time and reported as a fraction of the 

total volume. Table 3 gives the Total Volume (TV) and Free Volume (FV) of the studied PPILs 

in pure and after absorption of the gases. It can be observed that the FV increases with H2S in 

the two PPILs. This increase is attributed to the high dipole moment of H2S which causes higher 

PPIL-H2S interaction energy as it binds firmly to the ionic liquids where the angular geometry 

of H2S causes an overall increase in the FV. The observation is reversed with CO2 due to its 

linear geometry and absence of dipole moment. 

Table 3.Total Volume (TV), and Free Volume (FV) in the ionic liquid systems. 

[P4444][AcO] [P4444][DEP] 

Pure + CO2 + H2S Pure + CO2 + H2S

TV (nm3) 118.86 129.69 128.74 143.43 153.9 153.15 

FV (%) 39.65 39.55 39.96 39.28 39.08 39.48 

4. Conclusion

       In this work, we employ MD simulation to investigate the equilibrium interaction behavior 

of [P4444][AcO], and [P4444][DEP] with CO2/H2S at 333.15 K and 1.01 bar.  The two ionic 

liquids have significant free volume which enhances CO2/H2S absorption by physical 

interactions as proved by the analysis of radial distribution function. [P4444][DEP] has low 

cation-anion interaction energy and high CO2/H2S diffusivity but low [P4444][DEP]-CO2/H2S 

interaction energy which may hinder higher gas solubility. [P4444][AcO]  has high cation-anion 

and [P4444][AcO]-CO2/H2S interaction energies. The diffusivities of the gases are low in this 

ionic liquid. H2S interacts more strongly with all ionic liquids than CO2 because of that it has 

low diffusion coefficient. The diffusivity of CO2 in [P4444][DEP] is 97.2% higher than that of 

H2S in the same ionic liquid. The free volume of two PPILs increases after absorption of H2S 

which is connected to the angular geometry and polarity of the gas. Our work shows that CO2 

and H2S have high diffusivity in [P4444][DEP] due to low cation-anion interaction energy in this 

ionic liquid. Therefore, this ionic liquid should be considered for devising low-cost 

phosphonium-based ionic liquid for CO2 capture.  
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Abstract 

As a fundamental chemical compound, methanol plays a pivotal role in producing various 

chemicals in numerous industries, including the chemical and synthesis industry, 

pharmaceuticals, electronics, and coatings. Currently, a significant portion of methanol is 

derived from natural gas. To address environmental concerns and improve economic efficiency, 

there is a growing interest in directly synthesizing methanol from carbon dioxide, a process 

known as CO2 hydrogenation. CO2 hydrogenation is an exothermic reaction, which typically 

operates under high-pressure and high-temperature conditions. The standard synthesis 

temperature ranges from 250°C to 300°C, resulting in a lower conversion of CO2 to methanol 

at equilibrium. High pressures in the 50-100 bar range are also required, making the process 

energy-intensive. In this study, an alternative approach is explored, known as alcohol-assisted 

methanol synthesis. This method involves using alcohols as solvents to facilitate the reaction, 

reducing the required temperature and pressure while improving methanol yield. Methanol 

synthesis with the assistance of ethanol in a gas phase has been thoroughly investigated in a 

fixed-bed reactor. The effect of temperature is studied, assessing their impact on both methanol 

yield and CO2 conversion. This study has gained valuable insights that can contribute to energy 

reduction in methanol production via the CO2 hydrogenation process. This research serves as a 

guiding pathway for the future development and improvement of this process.

Keywords: Methanol; Hydrogenation; Alcohol-assisted; 

1. Introduction

Methanol is a crucial chemical feedstock, with a global production ranging from 40 to 60

million tons annually. It plays a pivotal role in various industries, including the chemical, 

pharmaceutical, and electrical appliance industries. Additionally, it serves as a fuel additive, 

enhancing the combustion efficiency of diesel engines and contributing to the reduction of 

particulate matter, hydrocarbons, and carbon monoxide emissions from diesel engines. 

Therefore, methanol is a highly sought-after chemical in numerous industries (Chen et al., 

2021). 

The continuous increase in carbon dioxide (CO2) emissions is attributed to various 

industries and the combustion of fossil fuels. This phenomenon leads to the accumulation of 

greenhouse gases, contributing to the greenhouse effect and resulting in a rise in global 

temperatures. These environmental impacts have severe consequences, such as ocean 

acidification, rising sea levels, and elevated surface temperatures (Kanuri et al., 2022). To 
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mitigate the release of carbon dioxide (CO2) into the atmosphere, various strategies have been 

proposed, such as carbon capture, separation, and utilization (Meesattham & Kim-Lohsoontorn, 

2022). One approach to reducing carbon dioxide emission is converting CO2 into value-added 

chemicals, providing an avenue to generate economic value from this greenhouse gas. 

The direct hydrogenation of methanol from carbon dioxide (CO2) gas employs a 

Cu/ZnO/Al2O3 catalyst, which is an exothermic reaction. Due to thermodynamic constraints, 

the synthesis temperature typically ranges from 250 to 300 °C, resulting in a low conversion of 

CO2 at equilibrium. To enhance the conversion of CO2, high pressures of 50-100 bar are 

required, making this process energy-intensive. CO2 hydrogenation is the reaction mechanism 

as shown in equation (1) and reverse water gas shift reaction (RWGS) as shown in equation (2) 

(Kanuri et al., 2022).  

CO2 + 3H2 ↔ CH3OH + H2O ∆H298K=-49.5 kJ mol-1  (1) 

CO2 + H2 ↔ CO + H2O  ∆H298K=41 kJ mol-1  (2) 

Following Le Chatelier's principle, methanol synthesis from the CO2 hydrogenation 

reaction is an exothermic reaction, which occurs efficiently at low temperatures. Since it is a 

reaction reducing the number of components, it is favorable at high pressures. Furthermore, 

conducting the reaction at higher temperatures increases by-products like alcohols and 

hydrocarbons. Therefore, producing methanol at low temperatures is a suitable option. 

According to the principles of thermodynamics, the practice may yield higher methanol 

production (Meesattham & Kim-Lohsoontorn, 2022). 

Therefore, alternative methods, known as methanol synthesis with alcohol-assisted, have 

been explored. This approach employs alcohols as solvents to accelerate the reaction, reduce 

reaction temperature and pressure, and enhance methanol yield. As shown in equations (3)-(6), 

alcohol assisted the reaction mechanism. The detection of ethyl acetate resulting from the 

catalytic dehydrogenation of ethanol was reported, as shown in equation (7). The synthesis of 

methanol using an alcohol-assisted method can be conducted at temperatures of 150-170 ˚C 

and pressures of 30-50 bar, which are lower conditions compared to the conventional methanol 

synthesis via CO2 hydrogenation reactions. Furthermore, the alcohol-assisted methanol 

synthesis enhances CO2 conversion and increases the methanol yield (Meesattham & Kim-

Lohsoontorn, 2022). Therefore, operating under conditions with lower energy requirements is 

advantageous for cost reduction in operations. 

CO2 + 1/2H2 + Cu ↔ HCOOCu  (3) 

HCOOCu + ROH ↔ HCOOR + CuOH (4) 

HCOOR + 2H2 ↔ ROH + CH3OH (5) 

CuOH + 1/2H2 ↔ H2O + Cu (6) 

2C2H5OH → CH3COOC2H5 + 2H2 (7) 

The report studied different types of alcohols used as solvents to expedite the reaction, 

including ethanol, 1-propanol, 1-butanol, and 1-pentanol. As the size of the alcohol molecules 

increases, it impacts the solubility of carbon dioxide in the alcohol, leading to a decrease in 

carbon dioxide conversion and methanol yield. The CO2 conversion and methanol yield remain 

constant over 24 hours. Therefore, a reaction time of approximately 24 hours is necessary to 

achieve equilibrium (Meesattham & Kim-Lohsoontorn, 2022). 
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Fixed-bed reactors are suitable for gas-phase reactions, and in industry, methanol is 

commonly produced in the gas phase using fixed-bed reactors. This is because fixed-bed 

reactors do not require the separation of the catalyst, making operations convenient without 

being affected by the dispersion of the starting gas. Moreover, they can accommodate a large 

quantity of catalysts. The characteristics of fixed-bed reactors make them well-suited for 

scalable processes (Din et al., 2019). 

This project investigates the synthesis of methanol through CO2 hydrogenation via ethanol-

assisted methanol synthesis in a fixed-bed reactor. The starting material is pure carbon dioxide 

gas, and the catalyst used is Cu/ZnO. Ethanol is introduced into the gas phase to study the effect 

of temperature on methanol production in the hydrogenation reaction of carbon dioxide, with 

ethanol present in the gas phase in the fixed-bed reactor. The effect of temperature is studied, 

assessing their impact on methanol yield and CO2 conversion. This study has gained valuable 

insights that can contribute to energy reduction in methanol production via the CO2 

hydrogenation process. This research serves as a guiding pathway for the future development 

and improvement of this process. 

2. Methods

2.1. Fixed-bed Reactor 

The apparatus used for reaction testing is of the fixed-bed reactor type. The material is made 

of stainless steel with a diameter of 1/2 inch and a height of 78 cm. Figure 1 illustrates the 

process flow diagram of the fixed-bed reactor system, and Figure 2 shows the heating 

measurement system inside the reactor.

Fig.1 Process flow diagram of the fixed-bed reactor system. 
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Fig.2 The diagram of the temperature control system. 

2.2. Packing Catalysis 

The catalyst for the reaction had been placed at the end of the thermocouple to ensure 

precise temperature measurement. For this experiment, a Cu/ZnO catalyst from the industry, 

with a size of 1-1.6 mm (prepared by grinding and sieving to achieve the desired size), 

weighed 20 g. Additionally, aluminum oxide with a height of 4.5 cm and wool with a height 

of 4.5 cm had been prepared. The wool had been tightly wound around the thermocouple. 

Aluminum oxide and the previously prepared Cu/ZnO catalyst were added, followed by the 

addition of a grinding ball with a height of 18 cm Figure 3. 

Fig.3 The catalysis packing in the fixed-bed reactor. 

2.3. Pressure Check 

Nitrogen gas had been fed into the apparatus at a rate of 200 ml/min, and the pressure had 

gradually increased until it reached 30 bar. After reaching the desired pressure, the nitrogen 

gas was closed, and the system was left undisturbed for approximately 1 hour. The pressure 

had been monitored during this time, and if there had been a continuous decrease, each valve 
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point of the apparatus had been inspected using a spray at the valves. Air bubbles had been 

observed to check for gas leakage in the system. 

2.4. Reduced Catalysts 

The reduced catalysts were prepared by flowing nitrogen gas at 200 ml/min and hydrogen 

gas at 10 ml/min at a pressure of 5 bar and a temperature of 230 ˚C. Throughout this process, 

the temperature had been controlled not to exceed 300 ˚C. The reduction process took 

approximately 4 hours or until the temperature stabilized. When the temperature had 

stabilized, the hydrogen gas flow rate was adjusted to 200 ml/min, and the valve was opened 

to remove water from the system. 

2.5. Operation Reaction 

A 20 g catalyst was subjected to the reaction at a GHSV of 298 mL/gcat.hr with a 

hydrogen to carbon dioxide molar ratio of 5:1. The reaction was conducted at a pressure of 30 

bar and temperatures of 140, 170, 200, and 230 °C. Initially, hydrogen and carbon dioxide 

gases were introduced, followed by the addition of ethanol through a feed line passing 

through a pre-heat at 230 °C to ensure ethanol was in the gas phase. Samples were then 

collected every 3 hours up to 24 hours and analyzed using Gas Chromatography with Thermal 

Conductivity Detection (GC-TCD). The concentration values were measured using GC-TCD, 

and the gas flow rate from the outlet was recorded, as shown in Figure 4. The report presented 

the effect of temperature on methanol yield and CO2 conversion, calculated through equations 

(8)-(9).

Fig.4 Measurement of gas outlet flow rate. 

𝐶𝑂2𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑚𝑜𝑙 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝐶𝑂2

𝑚𝑜𝑙 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑂2
× 100 (8) 

%𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑌𝑖𝑒𝑙𝑑 =
𝑚𝑜𝑙 𝑜𝑓 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑂2
× 100 (9) 

3. Results and Discussion

The experimental results in the fixed-bed reactor for non-ethanol assisted reactions, both

methanol yield and CO2 conversion increased as the temperature increased, as shown in Figures 

5 and 6. In the experiments conducted at 230°C, the methanol yield was 24.58%, and the CO2 
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conversion was 28.33%, representing the highest values compared to temperatures at 140, 170, 

and 200 °C. Furthermore, while the rate of CO2 hydrogenation increases with the rise in reaction 

temperature up to a certain degree, it begins to decline at higher temperatures due to a decrease 

in the thermodynamic equilibrium constant with increasing temperature. Consequently, this 

reaction is not suitable for operation at very high temperatures. According to (Fujitani & 

Nakamura, 2000), the rate of methanol synthesis by CO2 hydrogenation increases with 

temperature up to 220 °C. However, any further increase in temperature depresses the rate of 

the reaction. This discrepancy becomes quite understandable when considering other 

concurrent reactions that occur alongside the CO2 hydrogenation to methanol. One such 

significant reaction is the RWGS reaction as shown in equation (2), which accompanies CO2 

hydrogenation, as illustrated in the reaction equation. Given its endothermic nature, the RWGS 

reaction favors higher temperatures. Therefore, an increase in the reaction temperature will shift 

the CO2 hydrogenation towards the reverse water gas shift reaction. 

Fig. 5 Methanol yield at temperatures of 140, 170, 200, and 230 °C, reaction pressure of 

30 bar, and GHSV of 298 mL/gcat.hr in non-ethanol and ethanol-assisted reactions. 

Fig. 6 CO2 conversion at temperatures of 140, 170, 200, and 230 °C, reaction pressure of 

30 bar, and GHSV of 298 mL/gcat.hr in non-ethanol and ethanol-assisted reactions. 
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The experimental results for ethanol-assisted reactions showed an increase in both methanol 

yield and CO2 conversion as the temperature increased. At 230°C, the methanol yield was 

11.76%, and the CO2 conversion was 24.83%, representing the highest values compared to 

temperatures at 140, 170, and 200°C in ethanol-assisted reactions. However, when comparing 

the experimental results of non-ethanol and ethanol-assisted reactions at 140 °C, the methanol 

yield was 2.54% for the non-ethanol reaction and 4.58% for the ethanol-assisted reaction. The 

CO2 conversion was 5.39% for the non-ethanol reaction and 12.58% for the ethanol-assisted 

reaction. The results are presented in Figures 5 and 6, showing that the ethanol-assisted reaction 

exhibited higher methanol yield and CO2 conversion than the non-ethanol reaction at 140°C. 
Therefore, it was hypothesized that alkyl formate served as a significant pathway in the ethanol-

assisted reaction. This pathway facilitated the synthesis of methanol at low temperatures. 

According to (Zhang et al., 2008), the reaction temperature experienced a significant decrease, 

attributed to the catalytically active nature of alcohol and the emergence of a novel reaction 

pathway. In this context, the alcohol employed in the reaction remained unconsumed as it 

underwent self-regeneration through the hydrogenation of alkyl formate. This process 

effectively acted akin to a catalytic solvent.  

4. Conclusions

The study examined the effect of temperature on methanol synthesis using ethanol-assisted

methods at reaction temperatures of 140, 170, 200, and 230 °C. Methanol yield and CO2 

conversion were determined when the reaction was conducted at 140°C, with methanol yield 

at 4.58% and CO2 conversion at 12.58%. Methanol yield and CO2 conversion increased when 

using ethanol-assisted synthesis at lower temperatures. Ethanol-assisted methanol synthesis 

involves a change in the reaction mechanism, enabling methanol synthesis at low temperatures. 

According to the report, ethanol used in this reaction was not consumed due to its self-

regeneration by hydrogenation of alkyl formate, acting like a catalytic solvent. 

However, ethyl acetate was found to be a by-product resulting from the dehydrogenation of 

ethanol, leading to acetaldehyde and potentially affecting the purity of the final products in the 

process. Methanol production is a complex process. We previously reported that using ethanol-

assisted synthesis resulted in higher methanol yields than non-ethanol reactions. However, the 

main drawback is the difficulty in obtaining pure products. The cost implications are evident in 

increased production costs due to the need for additional distillation columns and higher public 

utility expenses. 
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Abstract 

Amine based carbon dioxide (CO2) absorption technology has been commercially 
proved over a decade in several locations around the world. Its key is to use a highly effective 
solvent, which can capture larger amount of CO2 than the conventional aqueous solution of 
30%wt. monoethanolamine (MEA). This study focuses on a formulation of tri-amine blend, 
which consists of 2–amino–2–methyl–1–propanol (AMP), piperazine (PZ), and MEA. 
A mixture design based on the Design–Expert software was applied to design the blends with 
various weight ratios of each amine. With total amine concentrations of 20%wt., 30%wt., and 
40%wt., twenty–one aqueous solutions of AMP–PZ–MEA were proposed. Density and 
viscosity of the blends were measured by Stabinger viscometer SVM 3001 (Anton Paar, 
Austria) at 293–363 K. It was found that density of AMP–PZ–MEA was in a same range with 
that of benchmark 30%wt. MEA. At 303 K, 5%wt. AMP:17.5%wt. PZ:17.5%wt. MEA had 
the highest density of 1.0166 g/cm3, which is slightly greater than that of 30%wt. MEA 
(1.0085 g/cm3). On the other hand, viscosity of AMP–PZ–MEA was much larger than that of 
30%wt. MEA. At 303 K, 5%wt. AMP:30%wt. PZ:5%wt. MEA showed the largest value of 
6.9078 mPa.s, which is approximately four-time higher than viscosity of 30%wt. MEA 
(1.7186 mPa.s). At CO2 concentration of 12%v/v. and 313 K, a promising 5%wt. AMP:30%wt. 
PZ:5%wt. MEA had absorption capacity of 0.841 mol CO2/mol amine, which is 67.5% greater 
than that of 30%wt. MEA. 

Keywords: CO2 capture; capacity; amine; density; viscosity 

1. Introduction
CO2 is the most released greenhouse gas into the atmosphere when compared to other

greenhouse gases. The emission of CO2 in large amounts directly contributes to the increase 
in atmospheric temperature and leads to global warming [1]. The CO2 capture technology by 
absorption with amine solvents is widely used because of its high efficiency. Moreover, amine 
solvents are easily obtainable and can be regenerated [2]. The commonly used amine solvent 
in the industry is MEA due to its high reaction kinetics. However, it has limitations, such as 
low CO2 absorption capacity and high solvent regeneration [3]. Using a blended solvent could 
enhance the performance of MEA. From the study, it is found that AMP has high CO2 
absorption capacity and low solvent regeneration, while PZ can react quickly with CO2. 
Therefore, combining AMP and PZ with MEA aims to improve the limitations of MEA. 
Nevertheless, AMP and PZ precipitate at high concentration [4]. This research investigates 
the behavior of the blended solvent AMP–PZ–MEA in terms of precipitation behavior, density, 

25



 

The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

viscosity, and CO2 absorption capacity to find suitable blending ratios for developing a high-
performance solvent. Moreover, the characteristics of the high-performance solvent are density 
and viscosity in acceptable region, high absorption capacity, high reaction kinetic, low solvent 
regeneration, and high mass transfer coefficient. 

2. Material and methods

2.1 Chemicals 

AMP (³ 98%) and MEA (98%) were purchased from Merk, Germany. PZ (98%) was 
obtained by Sigma-Aldrich, Switzerland. Kemaus, Australia supplied 1 M hydrochloric acid 
(HCl) standard solution. CO2 (99.5%) and Nitrogen (N2, 99.5%) were obtained by Thai-Japan 
Gas Co., Ltd. 

2.2 Operating conditions 

The Design–Expert software was applied to design the blends with various weight ratios 
of each amine. With total amine concentrations of 20%wt., 30%wt., and 40%wt., twenty–one 
aqueous solutions of AMP–PZ–MEA were proposed. Density and viscosity were measured 
over 293–343 K. CO2 absorption capacity was operated at CO2 concentration of 12%v/v.
(CO2 partial pressure 12 kPa) and temperature at 313 K [4]. 

2.3 Density and viscosity 

Density and viscosity of AMP–PZ–MEA were measured by Stabinger viscometer SVM 
3001 (Anton Paar, Austria) at temperature range of 293–343 K. It was validated by pure MEA 
over 293–343 K. The density and viscosity of pure MEA in accordance with the literature data 
with average absolute deviation percentage (%AAD) of 0.35% and 2.40%, respectively [5].  

2.4 CO2 absorption capacity 

The CO2 absorption capacity was measured in term of an equilibrium CO2 loading 
(mol CO2/mol amine). The result was reported that CO2 absorption capacity (mol CO2/ 
L-solution). 25 mL of AMP–PZ–MEA was loaded into an absorption reactor, which is regulated
temperature by water bath (WD11, Hanyang Scientific Equipment CO., Ltd, Korea). In this
study, CO2 concentration is 12%v/v which was a flue gas stream from fossil fired energy
production. CO2 and N2 gas stream were mixed and fed into blended solvent as modulated by
CO2 analyzer (SprintIR-6 100%, CO2 METER, Canada). Then, CO2 had reacted with amine
AMP–PZ–MEA until equilibrium. The amine sample with 1 mL was taken to define CO2
loading by titration with 1 M HCl standard solution using Chittick apparatus [6]. This process
was sampled every 30 minutes until equilibrium CO2 loading. The CO2 absorption capacity was
validated by 30%wt. MEA at 313 K. The results of this validation comply with the literature
with %AAD of 1.76% [7].
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3. Results and discussion

3.1 Density

The density of AMP–PZ–MEA at total amine concentrations of 20%wt., 30%wt., and
40%wt. over temperature range 293–343 K were plotted in Figs. 1(a), 1(b), and 1(c), 
respectively. The results of three total amine concentrations showed that the temperature 
increased as the density decreased. The raising of temperature affects to liquid molecules have 
higher kinetics energy, volume of liquid increased [6].  

For 20%wt., 30%wt., and 40%wt. total amine concentration of AMP–PZ–MEA, the results 
indicated that the ratios of 5/10/5 (20%wt.), 5/20/5 (30%wt.), and 5/30/5 (40%wt.) had 
the highest density of three total amine concentration. According to the theoretical background, 
PZ possessed density greater than AMP, water, and MEA, respectively [8]. Consequently, 
density elevated as PZ concentration increased. Furthermore, as the total amine concentration 
increased, the amount of water in the solvent decreased, resulting in density increased. 
Therefore, 5/30/5 of total amine concentration 40%wt. has the highest density because it has 
the highest total amine concentration and PZ concentration. The density of AMP–PZ–MEA 
at total amine concentrations of 20%wt. (0.9790–1.0094 g/cm3), 30%wt. (0.9751–1.0173 
g/cm3), and 40%wt. (0.9727–1.0280 g/cm3). had slightly lower than 20%wt. MEA (0.9815–
1.0073 g/cm3), 30%wt. MEA (0.9862–1.0166 g/cm3), and 40%wt. MEA (0.9889–1.0184 
g/cm3), respectively.  

Fig. 1. Density of AMP–PZ–MEA solvents over temperature range 293–343 K 
and total amine concentration of (a) 20%wt., (b) 30%wt., and (c) 40%wt.  

compared with 20%wt., 30%wt., and 40%wt. MEA, respectively. 
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3.2 Viscosity 

The viscosity of AMP–PZ–MEA was measured over temperature range 293–343 K. 
The total amine concentration of 20%wt., 30%wt., and 40%wt. showed in Figs. 2(a), 2(b), and 
2(c), respectively. The experimental results of all total amine concentration indicated that 
viscosity decreased as temperature increased. As, the increasing temperature affects the liquid 
molecules having higher thermal energy, leading to faster movement of molecules. This results 
in a decrease viscosity.  

The viscosity of AMP–PZ–MEA at total amine concentrations of 20%wt. (0.7371–2.8901 
mPa.s), 30%wt. (0.9781–5.1524 mPa.s), and 40%wt. (1.2580–11.3253 mPa.s). had slightly 
higher than 20%wt. MEA (0.6054–1.8955 mPa.s), 30%wt. MEA (0.9157–3.0491 mPa.s), and 
40%wt. MEA (1.0595–4.2059 mPa.s), respectively. Furthermore, as the total amine 
concentration increased, the amount of water decreased, resulting in an increased viscosity. 
Therefore, the 5/30/5 has the highest PZ concentration and total amine concentration, illustrated 
the highest viscosity. The viscosity of 0-20 mPa.s is a good range [9], and the viscosity of all 
solvent formulations within this range.  

Fig. 2. Viscosity of AMP–PZ–MEA solvents over temperature range 293–343 K 
and total amine concentration of (a) 20%wt., (b) 30%wt., and (c) 40%wt.  

compared with 20%wt., 30%wt., and 40%wt. MEA, respectively. 
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3.3 CO2 absorption capacity 

CO2 absorption capacity of AMP–PZ–MEA blended solvent with total amine 
concentrations 20%wt., 30%wt., and 40%wt. and benchmark MEA were measured in term of 
equilibrium CO2 loading (mol CO2/mol amine) at temperature 313 K and CO2 partial pressure 
12 kPa. In the part of result reporting, they were reported in mol CO2/L-solution.  

Fig. 3. CO2 absorption capacity of AMP–PZ–MEA solvent at 313 K 
and CO2 partial pressure 12 kPa. 

The CO2 absorption capacity of AMP–PZ–MEA at total amine concentration 20%wt., 
30%wt., and 40%wt. and 20%wt., 30%wt., and 40%wt. MEA were showed in Fig. 3. 
For 20%wt., 30%wt., and 40%wt. total amine concentration of AMP–PZ–MEA, the result 
showed that 5/10/5 (20%wt.), 5/20/5 (30%wt.), and 5/30/5 (40%wt.) had the highest CO2 
absorption capacity, respectively. Due to, they had the highest PZ concentration when 
compared with another formulars in the similar group. PZ is the cyclic amine which has two 
amino groups, so it can react with CO2 better than AMP and MEA. However, precipitation of 
PZ at high concentration should be careful. Additionally, increasing of total amine 
concentration, the CO2 absorption capacity was found increase. Therefore, the 5/30/5 (40%wt.) 
had the highest CO2 absorption capacity of 4.306 mol CO2/L-solution.  

By comparison of AMP–PZ–MEA at total amine concentration 5/10/5 (20%wt.), 5/20/5 
(30%wt.), and 5/30/5 (40%wt.) with 20%wt., 30%wt., and 40%wt. MEA found that 5/10/5 
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(20%wt.), 5/20/5 (30%wt.), and 5/30/5 (40%wt.) greater than the benchmark of 9.32%, 9.07% 
and 27.51%, respectively. 

For 5/30/5, it has the highest absorption capacity, which is interesting. However, caution 
should be exercised as this ratio exhibits the highest viscosity when compared to other formulas 
in the research. Excessive viscosity may lead to increased difficulty for CO2 to diffuse through 
the solvent. From this research, the density, viscosity, and absorption capacity of 
AMP–PZ–MEA are basic parameters used to indicate the performance of the solvent, further 
investigation other parameters such as mass transfer coefficient, heat regeneration, and 
corrosion are necessary to develop an optimal and suitable solvent. 

4. Conclusion

The study investigated the density, viscosity, and absorption capacity of AMP–PZ–MEA
as fundamental parameters indicating solvent performance. The results showed that density 
decreased with increasing temperature due to higher kinetic energy and expanded liquid 
volume. The ratios of 5/10/5, 5/20/5, and 5/30/5 exhibited the highest density, attributed to PZ 
greater density compared to AMP, water, and MEA, respectively. Moreover, as total amine 
concentration increased, water content decreased, resulting in higher density. 
Viscosity decreased with rising temperature, but increased with higher total amine 
concentration, affecting CO2 diffusion through the solvent. The viscosity of AMP–PZ–MEA 
within an acceptable range for solvent suitability. The highest CO2 absorption capacity is 5/30/5 
of 40%wt. total amine concentration. Due to, it has a highest total amine concentration and PZ 
concentration. Additionally, AMP–PZ–MEA of 5/30/5 (40%wt.) have a CO2 absorption 
capacity greater than 40%wt. MEA benchmark up to 27.51%. 
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Abstract 

Post-combustion carbon capture technology, which uses an absorption process by amine 
solvent, has widely been implemented to capture CO2 for decades. This study measured 
the physical properties and absorption capacity of CO2 in mixed amine solution 
of 2-amino-2-methyl-1-propanol (AMP), piperazine (PZ), and methyldiethanolamine 
(MDEA). Since AMP and PZ precipitate at high amine concentration, the mixed solvents were 
preliminary screened based on a visualized solid sediment formation. The possible total amine 
concentration range of 20-40%wt., which can maintain a clear solution, was obtained. 
A mixture design then applied to systematically formulate the mixed amine solution. As a result, 
21 aqueous solutions at different weight ratios of AMP, PZ, and MDEA were suggested. 
Physical properties (i.e., density and viscosity) of the mixtures are measured by an Anton Paar 
SVM3001 at temperatures of 293-343 K. The results showed that density and viscosity 
of the AMP-PZ-MDEA solvent increased with concentration of PZ increased but decreased 
as concentration of MDEA increased. Additionally, both measured densities and viscosities 
dropped as temperature increased. Absorption capacity of the mixed solvent at CO2 partial 
pressure of 12.1 kPa and 313 K was also experimentally determined. It was observed 
that CO2 absorption capacity of AMP-PZ-MDEA can be improved by increasing PZ 
concentration. Interestingly, 5%wt. AMP : 30%wt. PZ : 5%wt. MDEA (40%wt. total amine 
concentration) showed the highest CO2 absorption capacity (0.728 mol CO2/mol amine), which 
is much higher than that of 30%wt. monoethanolamine or MEA (0.518 mol CO2/mol amine). 

Keywords: Carbon capture; amine; absorption; advanced solvent 
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1. Introduction

Due to the negative impacts of global warming, controlling carbon dioxide (CO2) emission
from various industries is imperative. An effective technology widely used for this purpose 
is amine absorption, specifically utilizing amine solutions [1]. Different types of amines, 
such as AMP (2-amino-2-methyl-1-propanol) and PZ (piperazine) [2], exhibit varying 
efficiencies in capturing and reusing CO2. AMP, while having high CO2 absorption capacity, 
utilizes low heat for regeneration, but faces limitations in reaction kinetics. To address 
these limitations, PZ is often mixed with AMP due to its superior reaction kinetics with CO2. 
However, both AMP and PZ tend to solidify at high concentration. This research develops 
a tri-solvent solution, combining AMP, PZ, and MDEA (methyldiethanolamine), with 
an elevation of the overall amine concentration. This enhances the overall CO2 capture 
efficiency. Additionally, MDEA [3], known for low heat requirements in regeneration, aids in 
reducing the overall heat load. The study evaluates the density, viscosity, and absorption 
capacity of the AMP-PZ-MDEA tri-solvent and compares it with the traditional MEA 
(monoethanolamine) solvent to assess its potential for improved CO2 capture performance. 

2. Materials and methods

2.1 Materials 

AMP (98%) and MEA (99%) were purchased from Merck, Germany. PZ (99%) was 
obtained from Sigma-Aldrich, Switzerland. MDEA was supplied from Hebei Gualang 
Biotechnology Co., Ltd, China. Hydrochloric acid, HCl (1.00 M) was supplied from Kemaus, 
Australia. CO2 (99.5%) and Nitrogen (N2, 99.5%) were both delivered by Thai-Japan Gas Co., 
Ltd, Thailand. All materials were use as received without further purification. The chemical 
structure of amines used in this work are presented in Table 1. 
Table 1. Chemical structure of amines used in the present work [4]. 

Amine Molecular 
weight (g/mol) Chemical structure Amine classification 

AMP 89.14 Sterically hindered 
primary amine 

MDEA 119.16 Tertiary amine 

MEA 61.08 Primary amine 

PZ 86.14 Cyclical secondary diamine 
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2.2 Methods 

2.2.1 Density and viscosity 

Density and kinematic viscosity measurements were carried out using an Anton Paar SVM 
3001 over temperature ranging from 293 K to 343 K and at CO2 unloading condition of various 
AMP-PZ-MDEA weight percentage ratios (i.e., 10/5/5, 5/5/10, 5/10/5, 7.5/5/7.5, 5/7.5/7.5, 
7.5/7.5/5, 6.66/6.66/6.66, 10/10/10, 20/5/5, 5/5/20, 5/20/5, 12.5/5/12.5, 5/12.5/12.5, 
12.5/12.5/5, 30/5/5, 5/5/30, 5/30/5, 17.5/5/17.5, 5/17.5/17.5, 17.5/17.5/5, and 13/13/13). 
Be informed that these concentration ratios were obtained from a mixture design (Design Expert 
software) with following constrains: total minimum amine solvent 20%wt., total maximum 
amine solvent 40%wt., and minimum concentration of each amine 5%wt. Before and after each 
measurement, the equipment was cleaned and calibrated by 30%wt. MEA. For an unloaded 
30%wt. MEA solution, 1.0085 g/cm3 and 1.7186 mPa.s were obtained with 0.34% average 
absolute deviation percentage (%AAD) for density and 5.56%AAD for viscosity [5].          

2.2.2 CO2 absorption capacity 

In the CO2 absorption capacity experimental, 25 mL of amine blended solvent was 
introduced into the absorption reactor, which was immersed in a temperature-controlled water 
bath at 313 K and atmospheric pressure. A mixed gas stream of CO2 and N2 at the partial 
pressure of CO2 12.1 kPa was bubbled into the reactor. After CO2 reacted with amine solvents 
for 6-8 hr, 1 mL of amine sample was taken from the reactor for measuring the CO2 loading 
(which is a titration with 1.00 M of HCl standard solution using Chittick apparatus to endpoint 
of methyl orange) [6]. This procedure was taken every 30 minutes until the measured 
CO2 loading (in a unit of mol CO2/mol amine) was constant or reached equilibrium. 
The experiment was validated by 30%wt. MEA. The obtained result agrees with the literature 
with 1.76%AAD [7].   

Fig. 1. Process flow diagram of CO2 absorption experiment.[8] 
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3. Result and discussion

3.1 Density 

Density of tri-solvents was measured range of temperature is 293-343 K at 
different concentration ratios (i.e., 10/5/5, 5/5/10, 5/10/5, 7.5/5/7.5, 5/7.5/7.5, 7.5/7.5/5, 
6.66/6.66/6.66, 10/10/10, 20/5/5, 5/5/20, 5/20/5, 12.5/5/12.5, 5/12.5/12.5, 12.5/12.5/5, 30/5/5, 
5/5/30, 5/30/5, 17.5/5/17.5, 5/17.5/17.5, 17.5/17.5/5, and 13/13/13 AMP-PZ-MDEA). 
The results are shown in Figs. 1(a), 1(b), and 1(c), It was found that the density decreased as 
the temperature increased over the studied temperature range. Due to rising temperature, 
the volume of liquid expands and occupies more space [9].  

Figures 1(a), 1(b) and 1(c), shows that as PZ concentration increase, the density increases 
accordingly. This is due to PZ has higher density than MDEA, water and AMP respectively.
Therefore, the 5/30/5 for 40%wt. has the highest density because it has the highest 
PZ concentration. In addition, the total amine concentration increase, water in solvent decrease 
so the density increase. Furthermore, when comparing the density of blended solvent at various 
concentrations with the benchmark MEA (20%wt. MEA, 30%wt. MEA, and 40%wt. MEA), 
it was found that the density is similar.  

Fig. 2. Density of AMP-PZ-MDEA at various temperatures and total amine concentrations 
(a) 20%wt., (b) 30%wt., and (c) 40%wt..

3.2 Viscosity 

Viscosity of tri-solvent was measured range of temperature is 293-343 K in different 
concentrations ratios (i.e., 10/5/5, 5/5/10, 5/10/5, 7.5/5/7.5, 5/7.5/7.5, 7.5/7.5/5, 6.66/6.66/6.66, 
10/10/10, 20/5/5, 5/5/20, 5/20/5, 12.5/5/12.5, 5/12.5/12.5, 12.5/12.5/5, 30/5/5, 5/5/30, 5/30/5, 
17.5/5/17.5, 5/17.5/17.5, 17.5/17.5/5, and 13/13/13 AMP-PZ-MDEA). The results are shown 
in Figs. 2(a), 2(b), and 2(c). It was found that viscosity decrease as temperature increase. 

0.970

0.980

0.990

1.000

1.010

1.020

1.030

1.040

293 303 313 323 333 343

D
en

sit
y 

(g
/c

m
3 ) 

Temperature (K) 

10/5/5 

5/5/10 

5/10/5 

7.5/7.5/5 

7.5/5/7.5 

5/7.5/7.5 

6.66/6.66/6.66 

(a)

20%wt. MEA

0.970

0.980

0.990

1.000

1.010

1.020

1.030

1.040

293 303 313 323 333 343

D
en

sit
y 

(g
/c

m
3 ) 

Temperature (K) 

20/5/5 

5/5/20 

5/20/5 

12.5/12.5/5 

12.5/5/12.5 

5/12.5/12.5 

10/10/10 

(b)

30%wt. MEA

0.970

0.980

0.990

1.000

1.010

1.020

1.030

1.040

293 303 313 323 333 343

D
en

sit
y 

(g
/c

m
3 ) 

Temperature (K) 

30/5/5 

5/5/30 

5/30/5 

17.5/17.5/5 

17.5/5/17.5 

5/17.5/17.5 

13.33/13.33/13.33 

(c)

40%wt. MEA

35



 

The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

Since, temperature elevation affect the liquid has more thermal energy therefore liquid easier 
to flow [10]. 

Figures 2(a), 2(b), and 2(c), show viscosity increases as PZ concentration increases. 
Due to, PZ originally is a solid has higher than AMP and MDEA, respectively. The results 
indicated that 5/10/5, 5/20/5, and 5/30/5 AMP-PZ-MDEA are highest viscosity in the similar 
total concentration. Furthermore, 40%wt. has the highest viscosity, followed by 30%wt. and 
20%wt. respectively.  

Additionally, the viscosity of AMP-PZ-MDEA at total amine concentration 20%wt., 
30%wt., and 40%wt. were compared with 20%wt., 30%wt., and 40%wt. the conventional MEA 
found that the viscosity of AMP-PZ-MDEA is higher than the conventional MEA. 
According to theory, the viscosity of AMP, MDEA, and PZ have greater than MEA. 
Viscosity is important physical property affecting the liquid flow inside the packed tower [11] 
and CO2 diffusion. In case of too high viscosity affects the liquid flow slow down and CO2 
diffusion through the solvent is more difficult. Then, reaction between solvent and CO2 will be 
decreased. The viscosity of 0-10 mPa.s is a great region and 10-20 mPa.s is a good region [12]. 
Even though, the viscosity of AMP-PZ-MDEA is higher than the conventional MEA but it still 
is in a 0-10 mPa.s (great region) except 5/30/5 AMP-PZ-MDEA is in a 10-20 mPa.s 
(good region). Consequently, the blended solvent can be utilized in the absorption process. 

Fig. 3. Viscosity of AMP-PZ-MDEA at various temperatures and total amine concentrations 
(a) 20%wt., (b) 30%wt., and (c) 40%wt..
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3.3 Absorption capacity 

The equilibrium CO2 loading or absorption capacity, commonly used in the form of 
mol CO2/mol amine. The absorption capacity of AMP-PZ-MDEA at 313 K and CO2 partial 
pressure 12.1 kPa at atmosphere pressure. The absorption capacity of AMP-PZ-MDEA 
is presented in Fig. 3. The results showed that the absorption capacity of 20%wt., 30%wt., 
and 40%wt. AMP-PZ-MDEA are higher than that of conventional 20%wt., 30%wt., 
and 40%wt. MEA. At 10/5/5, 5/5/10, and 5/10/5 AMP-PZ-MDEA with the similar total amine 
concentration (20%wt.), Additionally, PZ concentration increases as absorption capacity 
increases because PZ has two amino group. It able to absorb more CO2 [13]. Therefore, 
the absorption capacity of 5/10/5 is higher than 5/5/10 and 10/5/5 AMP-PZ-MDEA, 
respectively. Due to, concentration of PZ is the highest.  

From Fig. 3., the highest absorption capacity of 20%wt. is 5/7.5/7.5 and 7.5/7.5/5 
AMP-PZ-MDEA (0.73 mol CO2/mol amine) which has higher absorption capacity than that of 
20%wt. MEA (0.52 mol CO2/mol amine) at 40.38%. For 30%wt., 5/20/5 and 5/12.5/12.5 
AMP-PZ-MDEA (0.72 mol CO2/mol amine) have higher absorption capacity than 30%wt. 
MEA (0.52 mol CO2/mol amine) at 38.46%. Total amine concentration 40%wt., which 5/30/5 
and 17.5/17.5/5 AMP-PZ-MDEA (0.73 mol CO2/mol amine), has higher than 40%wt. MEA
(0.51 mol CO2/mol amine) at 43.14%. Consequently, these formulars are interesting because 
they have high absorption capacity. However, density, viscosity, and absorption capacity are 
preliminary parameter used to evaluate the efficiency of solvent. Further studies investigate 
other parameters, such as mass transfer coefficient, regeneration heat duty, and corrosion for 
get the suitable formular in the absorption process. 

Fig. 4. CO2 absorption capacity of AMP-PZ-MDEA solvent at 313 K and 
CO2 partial pressure 12 kPa. 

0.52

0.60
0.63

0.71
0.68

0.64

0.73 0.73

0.52 0.51

0.65

0.72
0.67

0.57

0.72 0.70

0.51
0.47

0.63

0.73

0.64

0.56
0.62

0.73

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00
20%

w
t. M

EA

5/5/10 

10/5/5 

5/10/5 

6.66/6.66/6.66 

7.5/5/7.5 

5/7.5/7.5 

7.5/7.5/5 

30%
w

t. M
EA

5/5/20 

20/5/5 

5/20/5 

10/10/10 

12.5/5/12.5 

5/12.5/12.5 

12.5/12.5/5 

40%
w

t. M
EA

5/5/30 

30/5/5 

5/30/5 

13.33/13.33/13.33 

17.5/5/17.5 

5/17.5/17.5 

17.5/17.5/5 
A

bs
or

pt
io

n 
ca

pa
ci

ty
 (m

ol
 C

O
2/m

ol
 a

m
in

e)
 

Amine concentration 

37



 

The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

4. Conclusion

Parameters of this experiment are physical properties and absorption capacity of
AMP-PZ-MDEA tri-solvent. The density decreases as temperature increase because the raising 
of temperature affects the volume expansion. Additionally, PZ concentration increases as 
density increases. Therefore, the highest density is 5:30:5 AMP-PZ-MDEA (40%wt.). Due to, 
it has high concentration of PZ. Moreover, the viscosity decreased as temperature increased but 
elevated as PZ concentration increased. The increasing of viscosity lead to diffusion through 
the solvent of CO2 is more difficult. However, all of formulas have the viscosity in great region 
except 5/30/5 AMP-PZ-MDEA is in a good region. The absorption capacity of AMP-PZ-
MDEA tri-solvent is 9.6 - 43.14% higher than that of the conventional MEA and 5/7.5/7.5, 
7.5/7.5/5 (for 20%wt.), 5/20/5, 5/12.5/12.5 (for 30%wt.), 5/30/5, and 17.5/17.5/5 (for 40%wt.) 
AMP-PZ-MDEA have the highest absorption capacity.  
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Abstract 

Esterification of oleic acid (OA) with glycerol to produce monoacylglycerols (MAG) 

for the food, cosmetic, and pharmaceutical industries was investigated using different solid acid 

catalysts. The catalysts were characterized by XRD, BET, and SEM-EDX. The effects of 

operating parameters including catalyst type (-Al2O3, ZSM5, ZnO/-Al2O3, and ZnO/ZSM5), 

reaction temperature, and reaction time were investigated. Reactions were conducted at 

glycerol-to-oleic acid molar ratio (GL/OA) of 4:1 and catalyst loading of 0.5 wt.% of the total 

reaction mixture in the range of 150–200 °C using a batch reactor. Samples were collected 

during the reaction period, and MAG, diacylglycerol (DAG), triacylglycerol (TAG), and OA 

concentrations were analyzed using HPLC. The results indicated that impregnation of ZnO on 

the supports (-Al2O3 and ZSM5) providing higher oleic acid conversion. Among the catalysts 

tested, zinc oxide-supported ZSM5-zeolite (ZnO/ZSM5) gave the highest catalytic activity. 

94.1% oleic acid conversion was obtained at the reaction temperature of 180 oC, catalyst loading 

of 0.5 wt.%, and reaction time of 2 h. In addition, increasing the reaction temperature 

significantly increased the DAG and TAG selectivity due the nature of consecutive reaction.

Keywords:  Esterification; Oleic acid; Glycerol; Monoacylglycerols (MAG); Zinc oxide 

supported ZSM5. 
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1. Introduction

The increasing surplus of glycerol (GL), a byproduct resulting from the continuous growth

of the biodiesel and oleochemical industries has led to extensive research and comprehensive 

investigations by transformation into the valuable products (Kong, Aroua, Daud, Cognet, & 

Pérès, 2016). Converting glycerol into the valuable products represents a promising opportunity 

for bio-circular societies. With its indispensable role as a critical raw material in the 

pharmaceutical and food sectors, GL plays a pivotal role in various applications within these 

industries. Monoacylglycerols (MAG), distinguished by their excellent surfactant properties, 

finds diverse applications as an emulsifier in the food, pharmaceutical, and cosmetic industries. 

The MAG synthesis can be achieved through various alternative methods, such as the 

glycerolysis of triglycerides using either enzyme or base catalysts (Holmberg, Lassen, & Stark, 

1989; Kumoro, 2012), transesterification of methyl ester with glycerol (Ferretti, Soldano, 

Apesteguía, & Di Cosimo, 2010), and esterification of fatty acid with glycerol (Kan, Barrault, 

& Wu, 2001). However, the most widely employed method currently is the esterification of 

fatty acids with glycerol. 

Homogeneous and heterogeneous acid catalysts have been demonstrated to enhance the 

esterification of fatty acids with glycerol (Jyoti, Keshav, Anandkumar, & Bhoi, 2018). For 

homogenous acid catalysts, such as sulfuric acid (Vitiello et al., 2021), p-toluenesulfonic acid, 

and 2-phenyl benzimidazole-5-sulfonic acid (Molinero, Ladero, Tamayo, & García-Ochoa, 

2014) were used.  However, it is difficult to separate the catalyst from products, and the liquid 

acid catalysts often cause reactor corrosion (Harmer & Sun, 2001). Therefore, heterogeneous 

acid catalysts offer non-corrosive characteristics, environmental friendliness, and fewer 

challenges in disposal. It can be more easily separated from products and can be tailored to 

deliver enhanced activity, selectivity, and prolonged catalyst lifetimes ( Jothiramalingam & 

Wang, 2009).Numerous heterogeneous catalysts were applied for the esterification of glycerol 

with free fatty acids, such as zeolites (da Silva-Machado, Cardoso, Pérez-Pariente, & Sastre, 

2000), layered double hydroxide (Hamerski, Prado, da Silva, Voll, & Corazza, 2016), and zinc 

oxide (Singh, Patidar, Ganesh, & Mahajani, 2013). 

ZnO is an acid transition-metal oxide employed as heterogeneous catalyst for the 

esterification of free fatty acids (Kwong & Yung, 2016). Nevertheless, when in powder form, 

zinc oxide tends to leach out into the reaction mixture, presenting a substantial challenge in 

downstream processing and compliance with environmental regulations (Singh et al., 2013). 

This leaching issue is more dominated when ZnO is immobilized onto a support material. 

(Singh, Bhoi, Ganesh, & Mahajani, 2014). Singh et al. (2013) conducted a study on the 

development and performance evaluation of ZnO supported -zeolite catalyst, for esterification

of oleic acid and glycerol. The use of zeolite as a support significantly mitigates the leaching of 

ZnO. During the esterification of oleic acid, this catalyst exhibited high selectivity, reaching 

70–80% for MAG within the conversion range of 60–90% (Singh et al., 2013). However, the 

disadvantage is the longer reaction time required to complete the reaction. Therefore, studying 

different types of supported materials for ZnO active sites represents a promising alternative 

for further investigation. Support catalysts with acidic properties commonly employed in the 

esterification including of ion-exchange resins (Pouilloux, Abro, Vanhove, & Barrault, 1999), 

activated carbon (Konwar et al., 2016), -Al2O3 (Yuan, Jiang, & Li, 2019), β-zeolite (Singh et 

al., 2013), zeolite (ZSM5 or -zeolite) (Resende et al., 2020). Zeolites are commonly used as

support catalysts in the esterification. Singh et al. (2014) reported that PbO/ZSM5 might be a 

preferred catalyst for the transesterification reaction of oils free of fatty acids (e.g., sunflower 
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oil). In contrast, ZnO/ ZSM5 could be the preferred choice for the esterification of free fatty 

acids with alcohol to produce fatty acid methyl ester (FAME). The FAME yield of jatropha oil 

on ZnO/ZSM5 was approximately 93.8%, indicating high efficiency at a temperature of 200 °C 

with an oil-to-methanol molar ratio of 1:30, 1 hr of reaction time, a catalyst loading of 1.0 wt 

%, and a speed of 600 rpm (Singh et al., 2014). Typically, silica is commonly used as a support 

catalyst due to its large surface area, although it no stability (Hu & Gao, 2010). However, 

zeolite-ZSM5 offers better stability (Teh et al., 2015). The selection of a support catalyst can 

potentially enhance the activity of the catalyst. 

Therefore, this study aimed to explore the effect of catalyst supports (-Al2O3 and ZSM5) 

with a ZnO loading of 25% for esterification of oleic acid (OA) with glycerol. The catalysts 

were characterized by XRD, BET, and SEM-EDS. The effects of operating parameters 

including catalyst type (-Al2O3, ZSM5, ZnO/-Al2O3, and ZnO/ZSM5), reaction temperature, 

and reaction time were investigated.  The production of MAG, DAG and TAG were monitored 

and analysis using high performance liquid chromatography (HPLC). 

2. Materials and Methods

2.1 Materials and Catalyst 

Oleic acid (72.0% purity) and glycerol (99.5% purity) were purchased from Daejung. 

Zinc acetate (Zn(CH3COO)2·2H2O) was obtained from KemAus, Neutral aluminum oxide and 

acidic aluminum oxide (-Al2O3) was obtained from Alfa Aesar, and Zeolite ZSM-5and the 

acidic HPLC mobile phase modifier include trifluoroacetic acid (TFA) were obtained from 

Sigma-Aldrich. Chemicals for reaction mixture analysis included: acetonitrile, methanol, 

tetrahydrofuran (HPLC grade) as a mobile phase for HPLC analysis, and acetone as a solvent 

for preparing sample obtained from Honeywell. The 1-Glyceryl monononadecanoate (≥ 99.0% 

purity), 1-3 Glyceryl dinonadecanoate (≥ 99.0% purity) and Glyceryl trinonadecanoate 

(≥ 97.0% purity) as a standard for HPLC analysis were also purchased from Sigma-Aldrich. 

2.2 Catalyst Preparation 

The ZnO was loaded onto the support by wet impregnation method using zinc acetate 

(Zn(CH3COO)2·2H2O) as the ZnO precursor. Requisite volume of the prepared solution was 

impregnated on ZSM5 support to obtain 25 wt% ZnO in the final catalyst. The obtained mixture 

was dried in water bath with continuous stirring and subsequently in an oven at 80°C for 

overnight and finally calcined at 500°C for 3 h in a tubular reactor in the presence of air flow. 

The same procedure was employed for the preparation of ZnO/-Al2O3 as mentioned above. 

2.3 Catalyst Characterization 

The X-ray diffraction analysis of catalysts powder was performed using a Bruker D8 

Advance diffractometer. The X-ray diffraction data are recorded by using Cu Kα radiation 

(λ = 1.5406 Å) at 40 kV and 30 mA. The intensity data are collected over a 2θ range of 5-80° 

with a step size of 0.02°. The Brunner-Emmet-Teller (BET) surface area, pore size, and pore 

volume of the catalysts were determined using N2 adsorption and desorption isotherms using a 

Micromeritics Corporation adsorption apparatus. For SEM analysis, a field emission gun 

scanning electron microscope using a Hitachi S3400N with a resolution of about 50 and 20 μm 

was used to study the surface morphology of the samples. Catalysts acid sites measurements 

were performed by temperature programmed desorption of ammonia (NH3-TPD) with a 

conventional flow apparatus equipped with a thermal conductivity detector (TCD). A given 

amount of the sample, was pretreated in flowing helium at 500 oC for 1 h, cooled to 150 oC, 

and then exposed to NH3 (20 mL/min) for 30 min. Samples adsorbed by NH3 were subsequently 

purged with He at the same temperature for 1 h to remove the physi-sorbed NH3. The TPD 
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measurements were conducted in flowing He (30 mL/min) from 100 to 700 oC at a heating rate 

of 10 oC/min.  

2.4 Catalytic tests 

The schematic representation of the experimental setup is shown in Fig. 1. A standard 250 

mL four-neck round-bottom flask assembled with stirrer to give uniform mixing of reaction 

mixture (stirring rate was kept constant as 340 rpm), condenser, and thermocouple type K was 

used to carry out the esterification. The glycerol and oleic acid (GL/OA molar ratio of 4:1) were 

stirred at 340 rpm and heated in an oil bath at the required temperature. When the desired 

temperature was reached, the catalyst was then added to start the reaction. The samples, 

approximately 1.5 mL each, were collected at specific time intervals. The mixture is centrifuged 

to separate the top organic layer from the sample and analyze by the acid titration and HPLC 

method. 

Fig. 1 Schematic representation of experimental setup. 

2.5 Analytical methods 

Acid value determination was used to monitor the conversion progress according to 

ASTM D4662-03 method. The product mixtures were titrated with NaOH-ethanol-solution (0.1 

mol/L). Quantitative analyses of the products were carried out using a Thermo Scientific 

Surveyor Plus HPLC system equipped with a photodiode array (PDA) detector. An InertSustain 

C18 column (4.6 I.D. ×250 mm, 25 μm) was used for the analysis. The temperature of the 

detector oven was set at 40 oC. The column operated in isocratic mode with acetonitrile, water, 

and trifluoroacetic acid (TFA), employing as the mobile phases at a wavelength of 210 nm. 

The total flow rate of the mobile phase was consistently set at 0.7 mL/min. The mobile phase 

composition comprised a mixture of acetonitrile/water (87:13% vol/vol) with 0.1% vol/vol TFA 

using for oleic acid (OA) and monoacylglycerol (MAG) determination. However, 
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diacylglycerol (DAG) and triacylglycerol (TAG) analyses involved the use of 

acetone/acetonitrile (40:60% vol/vol) as the mobile phase. The total flow rate of the mobile 

phase was set constantly at 0.8 mL/min and held for 40 min. The oleic acid conversion (XOA), 

selectivity of monoacylglycerol (SMAG), selectivity of diacylglycerol (SDAG), selectivity of 

triacylglycerol (STAG), yield of monoacylglycerol (YMAG), yield of diacylglycerol (YDAG), and 

yield of triacylglycerol (YTAG) were determined according to the Eqs. (1)-(7),  

XOA (%) = (1-
COA

COA,0
) × 100 (1) 

SMAG = 
CMAG

CMAG + 2CDAG + 3CTAG
(2) 

SDAG = 
2CDAG

CMAG + 2CDAG + 3CTAG
(3) 

STAG = 
3CTAG

CMAG + 2CDAG + 3CTAG
(4) 

YMAG (%) = ConvOA(%)×SMAG (5) 

YDAG (%) = ConvOA(%)×SDAG  (6) 

YTAG (%) = ConvOA(%)×STAG  (7) 

where XOA is the conversion of oleic acid, COA,0 is the initial concentration of oleic acid, 

COA, CMAG, CDAG, CTAG are the concentration of oleic acid, monoacylglycerol, diacylglycerol, 

and triolein in terms of time, SMAG, SDAG, STAG are the selectivity of monoacylglycerol, 

diacylglycerol, and triacylglycerol while YMAG, YDAG, and YTAG are the yield of 

monoacylglycerol, diacylglycerol, and triacylglycerol, respectively. 

3. Results and discussion

3.1 Characterization of catalysts

Powder X-ray diffraction patterns for ZnO/ZSM5, ZnO/γ-Al2O3, γ-Al2O3, ZSM5 and 

ZnO are shown in Fig. 2. The diffraction peak of ZnO obtained from the ZnO/ZSM5 at 2θ = 

31.76, 34.31, 36.25, 47.51, 56.60 and 62.88 correspond to the lattice planes (100), (002), (101), 

(102), (110) and (103), respectively (Singh et al., 2013). Moreover, the peaks appeared at 

34.31°, assigned as (002), are related to the zinc oxide. This can be explained by the confines 

of ZnO inside the zeolite, and the overlapping by the zeolite peaks (Ref Cod 01-087-1619) 

(Alswat, Ahmad, Saleh, Hussein, & Ibrahim, 2016). On the other hand, the XRD pattern of 

ZnO/γ-Al2O3 revealed the absence of distinct peaks corresponding to crystalline of ZnO. 
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Fig. 2 XRD patterns of (a) γ-Al2O3, (b) ZnO/γ-Al2O3, (c) ZSM5, (d) ZnO/ZSM5-,
and (e) ZnO. 

The scanning electron microscope (SEM) images for γ-Al2O3, ZSM-5, ZnO/γ-Al2O3 

and ZnO/ZSM5 catalysts are shown in Figs. 3-4. It was evident from the SEM analysis that the 

shapes of the γ-Al2O3 (support) pellets revealed coarse rock/sand-like shapes in Fig. 3(a). In 

this sample, the average size of the particles is 90.9 µm. The SEM images for the ZnO/ γ-Al2O3 

indicated the regions of different color intensities with light grey representing the ZnO on a 

relatively darker γ-Al2O3 background as shown in Fig. 3(b). ZnO/γ-Al2O3 was locally present 

as agglomerates, which led to low metal distribution. However, in the ZSM5 catalyst, the 
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average particle size was 53.5 µm, as illustrated in Fig. 4(a). It was evident from the SEM 

analysis that the shapes of the ZSM5 (support) particles were nonuniform, and the particle size 

distribution was large with sizes in Fig. 4 (a). It is clear that ZSM5 exhibited a cubic morphology 

with smooth surfaces. On the other hand, ZnO nanoparticles maintained the granular spherical 

morphology dominated by particle agglomerations as illustrated in Fig 4(b). The SEM images 

for the ZnO/ZSM5 indicated regions of different color intensities with light grey representing 

the ZnO on a relatively darker ZSM5 background.  Fig. 5 shows the EDX elemental maps for 

ZnO/γ-Al2O3, the elements Al, O, and Zn are represented by green, red, and blue colors, 

respectively. On the other hand, in the case of ZnO/ZSM5 (Fig. 6), Zn was well-distributed 

over the external surface of the support. 

The elemental mapping and EDX results of ZnO/γ-Al2O3 and ZnO/ZSM5 also indicted 

that the Zn elements uniform distributed over the γ-Al2O3 and ZSM5supports. The surface 

components are known from the EDX analysis, for ZnO/γ-Al2O3 catalyst contained 36.31 wt.% 

of O, 56.65 wt.% of Al, and 7.04 wt.% of Zn. For ZnO/ZSM5 catalyst contained 27.19 wt.% of 

O, 18.44 wt.% of Al, 16.90 wt.% of Si, and 34.47 wt.% of Zn.

Fig. 3 SEM images of (a) γ-Al2O3, and (b) ZnO/γ-Al2O3. 

Fig. 4 SEM images of (a) ZSM5, and (b) ZnO/ZSM5. 
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Fig. 5 Elemental mapping of the ZnO/γ-Al2O3 catalyst (metal indicated in elemental 

mapping by the following colors: O (red), Al (green), and Zn (blue). 

Fig. 6 Elemental mapping of the ZnO/ZSM-5 catalyst (metal indicated in elemental 

mapping by the following colors: O (red), Al (green), Si (blue) and Zn (yellow). 

3.2 Effect of catalyst type 

The esterification of oleic acid with glycerol requires active acid catalyst to achieve high 

rates. To compare the catalytic performance, the reaction was conducted under similar 

conditions without using catalyst, and with using γ-Al2O3, ZSM5, ZnO/γ-Al2O3, and 

ZnO/ZSM5 catalysts. In selecting the operating conditions, Singh et al. reported promising 

results for the synthesis of monoglycerides using a ZnO-supported β-zeolite catalyst. The 

esterification of oleic acid was obtained under optimal conditions, including a Gly/OA mole 

ratio of 4:1, a catalyst concentration of 2 wt.% of the total weight, a reaction temperature of 

150°C, and a reaction time of 360 min, resulted in a conversion rate of 88.9%. Notably, the 

SMAG was observed to be as high as 66.8%, while the SDAG was 27.4% (Singh et al., 2013). 

Therefore, these optimal conditions were chosen for studying the effect of catalyst type. The 

effect of catalyst type is presented in Fig 7. In this study, γ-Al2O3 demonstrated a higher 

conversion compared to ZSM5. It should be noted that γ-Al2O3 has a BET surface area and pore 

size of 92.38 m2/g and 98.47 Å, respectively, which higher surface area than ZSM5. For ZSM5 
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exhibits a smaller surface area of 9.58 m2/g and a larger pore size of 113.26 Å. However, the 

acidity of the catalysts also effects on reaction activity. According to Shabani et al. (2022), the 

reported that acidity of γ-Al2O3 was 1.17 mmol NH3/g (weak acid sites = 0.68 mmol NH3/g and

strong acid sites = 0.49 mmol NH3/g) (Shabani, Moosavian, Royaee, & Zamani, 2022), while 

ZSM5 had a higher acidity of 5.664 mmol NH3/g (weak acid sites = 4.217 mmol NH3/g and

medium acid sites = 1.447 mmol NH3/g). When ZnO was loaded, the ZnO/ZSM catalyst had 

an acidity value of 4.265 mmol NH3/g (weak acid sites = 2.472 mmol NH3/g, medium acid sites 

= 0.632 mmol NH3/g and strong acid sites = 1.161 mmol NH3/g). It can be seen that loading 

ZnO on ZSM5 indicate the formation of strong acidic sites, consequently enhancing its catalytic 

activity.  

However, ZnO/ZSM5 catalyst exhibited the highest values for XOA, YMAG, and YDAG, 

of 37.1%, 26.8%, and 10.3%, respectively. Following that, ZnO/γ-Al2O3 showed the XOA, 

YMAG, and YDAG of 31.77%, 23.15%, and 8.61%, respectively. ZnO supported on ZSM-5 

demonstrated a significantly increased reaction rate due to the larger number of acid sites 

derived from ZnO loading. Therefore, 25% ZnO/ZSM5 was used to further study the effect of 

operating parameters for the esterification of OA. 

Fig. 7 Effect of catalyst type for esterification of OA (Gly/OA mole ratio 4:1; reaction 

temperature 150 °C; reaction time 60 min; catalyst loading 0.5 wt.% of total weight). 

3.3 Effect of operating parameters 

Fig. 8 shows the effect of reaction temperature on the esterification of oleic and glycerol 

using ZnO/ZSM5 loading of 0.5 wt.% of total weight of reactants at GL/OA molar ratio of 4:1, 

and varying reaction time. The effect of temperature on the esterification rate has been studied 
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by varying in the range of 150 to 180 °C. The increase in the reaction temperature significantly 

increase the oleic conversion based on the Arrhenius’s law. Moreover, it is well known that the 

reaction temperature also affects the glycerol solubility in the oleic acid. Thus, higher 

temperatures enhance the effective glycerol concentration in the OA phase favoring drive the 

esterification rate (Noureddini, Harkey, & Gutsman, 2004). This result revealed that, the oleic 

acid conversion (XOA) increased from 30% to 79.4% when the reaction temperature increased 

from 150 °C to 180 °C at reaction time of 15 min. In addition, increasing the reaction 

temperature significantly increased the DAG and TAG selectivity due the nature of consecutive 

reaction as shown in Fig. 9. At a reaction time of 90 min, it was seen that. increasing the reaction 

temperature from 150 to 200 °C enhances the SDAG and STAG  due to amounts of DAG and TAG 

were also formed due to secondary reactions (Konwar et al., 2016).  

Fig. 8 Conversion of oleic acid at different reaction temperature (GL/OA mole ratio 4:1; 

ZnO/ZSM5 catalyst concentration of 0.5 wt.% of total weight) 
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Fig. 9 The effect of reaction temperature using on MAG, DAG and TAG selectivity at 90 min 

(GL/OA mole ratio 4:1; reaction time 90 min; ZnO/ZSM5 catalyst concentration of 0.5 wt.% 

of total weight) 

Table 1 is a comparison of catalyst performance in esterification of oleic acid with 

glycerol by different heterogeneous catalysts. It can be noted that ZnO/ZSM5 prepared by wet 

impregnation method is a promising heterogeneous catalyst for monoglyceride synthesis from 

glycerol.  

Table 1. Comparison of catalyst performance in esterification of oleic acid with glycerol by 

different heterogeneous catalysts 

Catalyst The conditions XOA 

(%) 

SMAG 

(%) 

SDAG 

(%) 

STAG 

(%) 

Ref. 

ZnO/ZSM5 Gly/OA mole ratio = 4:1 

Catalyst concentration = 0.5 

(wt.% of total weight ) 

Reaction temperature = 180 oC 

Reaction time = 90 min 

91.2 66.0 34.0 This 

study 

ZnO/β-zeolite Gly/OA mole ratio = 4:1 

Catalyst concentration = 2  

(wt.% of total weight) 

Reaction temperature = 150 oC 

Reaction time = 360 min 

88.9 66.8 27.4 (Singh et 

al., 2013) 
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Catalyst The conditions XOA 

(%) 

SMAG 

(%) 

SDAG 

(%) 

STAG 

(%) 

Ref. 

Amberlyst 35 Gly/OA mole ratio = 4:1 

Catalyst concentration = 2  

(wt.% of total weight) 

Reaction temperature = 150 oC 

Reaction time = 360 min 

65.1 78.6 19.3 (Singh et 

al., 2013) 

Ti-SBA-16 

(Meso porous 

Titanosilicates) 

Gly/OA mole ratio = 1:1 

Catalyst concentration = 3  

(wt.% of OA)  

Reaction temperature = 180 oC 

Reaction time = 180 min 

72.8 32.8 57.9 9.2 (Kotwal, 

Kumar, & 

Darbha, 

2013) 

Fe-Zn DMC 

(Fe-Zn double-

metal cyanide 

(DMC)) 

Gly/OA mole ratio = 1:1 

Catalyst concentration = 7  

(wt.% of OA)  

Reaction temperature = 180 oC 

Reaction time = 480 min 

63.4 67.3 31.7 (Kotwal, 

Deshpande, 

& Srinivas, 

2011) 

ZrO2–SiO2–

Me&Et-

PhSO3H 

(hydrophobic 

mesoporous 

zirconia-silica) 

Gly/OA mole ratio = 1:1 

Catalyst concentration = 5 

(wt.% of total weight)  

Reaction temperature = 160 oC 

Reaction time = 240 min 

63.4 59.4 34.6 6.0 (Kong, 

Pérès, Wan 

Daud, 

Cognet, & 

Aroua, 

2019) 

4. Conclusions

Esterification of oleic acid with glycerol to produce monoacylglycerols (MAG) was

investigated using the different solid acid catalysts. The wet impregnation method for ZnO 

loading preparation was used to prepare ZnO/support. The effects of operating parameters 

including catalyst type (-Al2O3, ZSM5, ZnO/-Al2O3, and ZnO/ZSM5), reaction temperature, 

and reaction time were investigated. Loading ZnO on the support provided higher catalytic 

activity due to ZnO can increase the number of acid sites. Among the catalysts tested, zinc 

oxide-supported ZSM5-zeolite (ZnO/ZSM5) gave the highest catalytic activity. 94.1% oleic 

acid conversion was obtained at the reaction temperature of 180 oC, catalyst loading of 0.5 

wt.%, and reaction time of 2 h. In addition, increasing the reaction temperature significantly 

increased the DAG and TAG selectivity.
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Abstract 

A green sulfonated activated catalyst was successfully synthesized through sulfonation 

of activated carbon (SAC). The sulfonation temperature (140-200oC) was investigated and the 

catalytic activity was tested via esterification of oleic acid and glycerol to produce mono-olein 

(MO). The carbon-based catalysts were characterized by X-ray diffraction (XRD) and scanning 

electron microscope energy-dispersive X-ray spectroscopy (SEM-EDS). The catalyst's total 

acid density was determined using a modified Boehm titration approach. The effects of 

operating parameters including reaction temperature, catalyst loading and reaction time were 

investigated. The sulfonation temperature varied from 140 to 200 °C as named SAC-140, SAC-

160, SAC-180, and SAC-200 catalysts. It was found that SAC-180 catalyst exhibited the 

highest initial rate due to the highest total acid site density. As-prepared SAC-180 catalyst 

showed the excellent catalytic performance to obtain 70.75 % of oleic acid conversion at 

reaction temperature of 170oC, catalyst loading of 2 %wt. and reaction time 3 hr. In addition, 

increasing the reaction temperature of 130 to 170 oC exhibited positive improvement of the MO 

selectivity. 

Keywords:  Esterification; Oleic acid; Glycerol; Mono-olein (MO); Sulfonated activated 

carbon catalyst. 
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1. Introduction

The biodiesel market continues to expand due to the increasing demand for sustainable 

and innovative products. As a result, the capacity for biodiesel production is increasing 

worldwide, leading to a significant rise in glycerol production (Badday, Abdullah, Lee, & 

Khayoon, 2012). It was estimated that approximately glycerol is produced during the 

transesterification process in the biodiesel plant by 10 wt.% of total biodiesel production. For 

every 10 kg of biodiesel produced, 1 kg of crude glycerol is generated. Glycerol has to be 

completely removed from the mixture because the high temperatures makes many chemical 

compounds harmful for the engines such as acrolein, the disposal of crude glycerol 

contaminated with salts, free fatty acids, and methanol presents an environmental and economic 

challenge (Alashek, Keshe, & Alhassan, 2022). This indicates that overly produced glycerol 

has an effect on the market price of glycerol. Therefore, this is one reason to develop processes 

to generate value added products from glycerol. The Glycerol has potential to be transformed 

and converted to monoglyceride (MG) by catalytic processes via esterification reactions. 

Although selectivity catalyst such as hydrochloric acid, sulphuric acid and phosphoric acid have 

been utilized for esterification, the challenge remains in removing these homogeneous catalysts 

from the final products (Lilja et al., 2002; Rastegari & Ghaziaskar, 2015). 

Numerous studies have explored heterogeneous acid catalysts to overcome the 

drawbacks associated with homogeneous catalysts. Solid acids such as zeolites, -SO3H 

modified zeolites, mesoporous silica, metal oxide modified zeolites have been investigated as 

potential catalysts. Nevertheless, the preparation of these catalysts is both cost and energy-

intensive, requiring several complex steps. Additionally, various literature sources have 

highlighted the significance of catalyst properties, such as steric factors, acidity, and 

hydrophilicity/hydrophobicity, in influencing glycerol esterification and MG yields (Konwar et 

al., 2016). As a result, there is a rising interest in the synthesis of solid catalysts such as 

carbonaceous materials due to their cost-effectiveness, abundance, and ability to adjust surface 

structures. Carbon-based catalysts have been extensively used in biodiesel production. For 

instance, A significantly high biodiesel synthesis yield of 97.3% using a high surface area 

activated carbon derived from bamboo. They demonstrated that the presence of -SO3H species 

on the carbon surface predominantly enhanced catalytic activity (Tang & Niu, 2019). Therefore, 

this study aimed to explore the effect of sulfonation temperature (140-200 oC) for esterification 

of oleic acid (OA) with glycerol. The catalysts were characterized by XRD, and SEM-EDS. 

The effects of operating parameters including reaction temperature and reaction time were 

investigated.   

2. Materials and Methods

2.1 Materials 

 Oleic acid (72.0% purity) and glycerol (99.5% purity) were obtained from Daejung, 

Activated carbon and sulphuric acid 98% were obtained from carbokarn company limited 

(Thailand) and KemAus, respectively. Sulphuric acid (98 %), phenolphthalein (98%), sodium 

hydroxide (≥ 97%), and methanol (98 %) were obtained from Merck.  
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2.2 Catalyst Preparation 

 The green sulfonated activated carbon catalysts were prepared based sulfonic acid-

functionalized carbonaceous material. The activated carbon (AC) was dried at 110 oC for 12 hr. 

Then 1 g of AC was added to 30 mL of H2SO4 in portion wise, placed in a magnetic stirrer for 

2 hr. It was then kept in hot air oven at 140-200 °C for 18 h. The sample was rinsed with 

deionized water after cooling down to room temperature until pH was 7. The product AC-SO3H 

was vacuum-dried for overnight at 80 °C and stored in a desiccator for further use. The SO3H 

acid density was determined using titration.  Here 0.1 g of catalyst was mixed with            0.1 

M NaOH for 20 ml then agitated for 1 hr. The sample was centrifuged and then the top of 

solution was titrated with 0.1 M HCL by using phenolphthalein as indicator. 

2.3 Catalyst Characterization 

The X-ray diffraction analysis of catalysts powder was performed using a Bruker D8 

Advance diffractometer. The X-ray diffraction data are recorded by using Cu Kα radiation 

(λ = 1.5406 Å) at 40 kV and 30 mA. For SEM analysis, a field emission gun scanning electron 

microscope using a Hitachi S3400N with a resolution of about 50 and 20 μm was used to study 

the surface morphology of the samples.  

2.4 Catalytic tests 

The schematic representation of the experimental setup is shown in Fig. 1. A standard 

250 mL four-neck round-bottom flask assembled with a magnetic bar, condenser, and 

thermometer type K. The glycerol and oleic acid (GL/OA molar ratio of 5:1) were stirred at 

340 rpm and heated in an oil bath at the required temperature (130 -170 oC). When the desired 

temperature was reached, the catalyst was then added to start the reaction. The samples, 

approximately 1.5 mL each, were collected at specific time intervals. The mixture is 

centrifuged to separate the top organic layer from the sample and analyze by the acid titration. 

Fig. 1 Schematic representation of experimental setup. 

3. Results and Discussion
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3.1 Catalyst Characterization 

X-ray diffraction (XRD) indicated that different sulfonated carbons have confirmed that

these materials exhibit a structure consistent with amorphous carbon material (Konwar, Mäki-

Arvela, & Mikkola, 2019). In Fig. 2, shows the presence of different peaks specific for each 

sample: doped carbon can be seen at 25° and 45°, which confirms that the support is 

carbonaceous in nature  corresponding to the literature of Konwar et al. (2016) The AC-SO3H-

180 catalyst curve exhibits peak 2θ = 50o which suggest proper sulfonation with H2SO4 

(Radhika, Subadevi, Krishnaveni, Liu, & Sivakumar, 2018).  

The elemental structure for the AC-SO3H catalysts are shown in Fig. 4a, the doped 

resulted AC-SO3H catalyst is perceived to be C = 82.32%, O = 10.95% and S = 7.37% as shown 

in table 1. It is evident in the SEM micrographs that have been provided for sulfonated carbon 

on activated carbon.  Moreover, It was show that the AC-SO3H-180 was highly amorphous and 

porosity

Fig. 2 X-ray diffraction (XRD) for AC-SO3H catalysts analysis 
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Fig.3 SEM-EDS images of (a) AC-SO3H-140, (b) AC-SO3H-160, (c) AC-SO3H-180, (d) AC-

SO3H-200 
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Table 1 EDS analysis of catalysts. 

Catalyst Content of element; wt% 

C O S 

AC-SO3H-140 82.32 10.95 6.74 

AC-SO3H-160 85.97 7.76 6.28 

AC-SO3H-180 82.31 10.32 7.37 

AC-SO3H-200 87.24 7.14 5.62 

3.2 The Effect of temperature for catalyst preparation. 

The catalytic activities of the AC-SO3H catalysts were confirmed by conducting the 

esterification of oleic acid with glycerol as shown in Fig. 4. Additionally, esterification 

experiments were conducted with only the AC support to assess the reaction activity under 

comparable conditions in the absence of the sulfonated catalysts. AC support had the lowest 

oleic acid (OA) conversion at 90 min while AC-SO3H-180 had the highest OA conversion 

among all the AC-SO3H catalysts. This indicates that sulfonation temperature has a dominant 

effect on the catalytic activities of the sulfonated AC catalysts. It should be noted that total acid 

site density appeared to affect significantly the activities for OA esterification. The catalysts 

with higher SO3H acid site densities trended to have higher conversions of OA, total acid site 

density shown in Table 2. Therefore, AC-SO3H-180 was used to further study the effect of 

operating parameters for the esterification of OA. 

Table 2 Catalysts acid value. 

Catalysts Total acid site density (mmol/g) 

AC 0.042 

AC-SO3H-140 0.959 

AC-SO3H-160 0.944 

AC-SO3H-180 0.963 

AC-SO3H-200 0.961 

59



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

Fig 4. The effect of temperature for catalyst preparation (Gly/OA mole ratio 5:1; reaction 

temperature 150 °C; reaction time 180  min; catalyst loading 1.0 wt.% of total weight). 

3.3 The Effect of operating condition 

 To investigate the effect of AC-SO3H-180 catalyst loading, four different amounts of 

catalyst (0.5 wt %, 1 wt %, 2 wt %, 3 wt %) were selected to perform reaction at Gly/OA mole 

ratio of 1:5, and reaction temperature of 150 oC. Fig. 5 shows an increase in the amount of 

catalyst, increasing the OA conversion up to 2% wt., and then a constant decrease. The 

maximum conversion was recorded at 2 wt. %, the reduced conversion of OA with excess 

catalyst may be attributed to an increase in the viscosity of the reaction mixture (Kedir, 

Wondimu, & Weldegrum, 2023). 

Fig. 6 shows the effect of reaction temperature on the esterification of oleic and glycerol 

using AC-SO3H-180 loading of 2 wt.% of total weight of reactants at GL/OA molar ratio of 

5:1, and varying reaction time. The temperature is an important factor for conversion of oleic 

acid. The oleic acid conversion increased from 23.4% to 70.7% when the reaction temperature 

increased from 130 °C to 170 °C at reaction time of 120 min. It can be seen that the increase in 

the reaction temperature significantly increase the oleic conversion based on the Arrhenius’s 

law. Additionally, it is widely recognized that reaction temperature influences the solubility of 

glycerol in oleic acid (Mamtani, Shahbaz, & Farid, 2021). Therefore, higher temperatures 

enhance the effective glycerol concentration in the OA phase favoring drive the esterification 

rate (Sudibyo, Rochmadi, & Fahrurrozi, 2017).  

Table 3 is a comparison of catalyst performance in esterification of oleic acid with 

glycerol by different heterogeneous catalysts. Although the oleic acid (OA) conversion for AC-

SO3H-180 (60.4%) might seem lower compared to [ME/SO3H]-MCM-41 (96.0%), it still 

demonstrates a reasonable level of conversion, especially considering the simplicity of the 
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process. It can be noted that AC-SO3H-180 is a green promising heterogeneous catalyst for 

esterification of oleic and glycerol. 

Fig. 5 Conversion of oleic acid at different catalyst loading (GL/OA mole ratio 5:1; AC-SO3H-

180 catalyst concentration of 1 wt.% of total weight and reaction temperature of 150 oC) 

Fig. 6 Effect of reaction temperature ((GL/OA mole ratio 5:1; AC-SO3H-180 catalyst 

concentration of 2 wt.% of total weight)  
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Table 3 Comparison of catalyst performance in esterification of oleic acid with glycerol by 

different heterogeneous catalysts 

Catalysts T (oC) GL:O

A 

Reaction 

time (min) 

OA 

conversion % 

Ref. 

AC-SO3H -180 150 5:1 180 60.4 This work 

[ME/SO3H]-

MCM-41

(Modified MCM-

41 with sulfonic

acid)

150 1:1 360 96.0 (Dı́az, 

Márquez-

Alvarez, 

Mohino, 

Pérez-Pariente, 

& Sastre, 

2000) 

ZnO/Zeolite 150 4:1 360 62 (Singh, 

Patidar, 

Ganesh, & 

Mahajani, 

2013) 

4. Conclusion

The esterification of oleic acid conversion was investigated using a sulfonation activated 

carbon catalyst (AC-SO3H). It found that AC-SO3H -180 catalyst exhibited the highest oleic 

acid conversion due to the highest total acid site density corresponding to the total acid density 

and SEM-EDS results. As-prepared SAC-180 catalyst shows excellent catalytic performance, 

70.75% of oleic acid conversion was obtain at reaction temperature of 170 oC, catalyst loading 

of 2 %wt. and reaction time 180 min. It can be noted that AC-SO3H-180 is a green promising 

heterogeneous catalyst for esterification of oleic and glycerol .Emerging research on the use of 

abundantly and naturally available resources such as carbon as catalyst has the potential to 

significantly enhance the effectiveness of biomass-based catalysts for sustainable 

monoglyceride production. 
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Abstract 

Glycerol acetylation with acetic acid produces a mixture of mono-, di-, and tri-acetins, 

which have significant commercial value and are used in various industries such as cosmetics, 

plastic, and food. In the present study, siliceous zirconia (SZ) was functionalized with sulfuric 

acid and 12-tungstophosphoric acid to generate sulfonated SZ catalysts. The catalysts were 

characterized using X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning 

electron microscope energy-dispersive X-ray spectroscopy (SEM-EDS), and Fourier 

Transform Infrared Spectroscopy (FTIR). The effects of operating parameters including surface 

groups on the SZ catalyst, reaction temperature, and reaction time were investigated at a 

glycerol-to-acetic acid molar ratio of 1:9. The sulfuric acid-loaded SZ catalyst showed excellent 

catalytic performance to obtain 97.8% of glycerol conversion, and 51.8% of di-acetin yield at 

a reaction temperature of 110°C and reaction time 60 min. In addition, increasing the reaction 

temperature showed a significant increase in di-acetin selectivity. 

Keywords: Acetylation; Glycerol; Acetic acid; Acetins; Heterogeneous catalyst. 

1. Introduction

Currently, global biodiesel production amounts to approximately 21 million tons per 

year. In the process of biodiesel synthesis through the transesterification of oil and alcohol, 

glycerol (Gly) is generated as the primary by-product, constituting approximately 10% of the 
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biodiesel yield (Mamtani, Shahbaz, & Farid, 2021; Rashid, Anwar, Moser, & Ashraf, 2008). 

As a result, this sector produces a Gly surplus that raises economic and environmental concerns. 

Hence, there is a pressing need for novel approaches to convert glycerol into high-value 

chemicals, aiming to enhance the economic viability of biodiesel production and address 

environmental concerns. The acetylation process of glycerol with acetic acid offers a pathway 

to produce valuable products, including mono-, di-, and tri-acetins, all of which carry 

considerable commercial significance (Sedghi et al., 2022). These compounds find practical 

applications across various industries, such as cosmetics, plastics, and food production. 

(Shehayeb et al., 2021).  

The glycerol acetylation to acetins is commonly carried out using homogeneous acid 

catalysts, such as sulfuric acid (H2SO4) (Abida & Ali, 2020a) or p-toluenesulfonic acid (PTA) 

(Bachiller-Baeza & Anderson, 2004). While these catalysts facilitate high process efficiency, 

their utilization presents several drawbacks, including challenges in product separation and 

purification, catalyst reuse, and equipment corrosion protection (Malaika, Ptaszyńska, 

Gaidukevič, & Kozłowski, 2022). Therefore, heterogeneous acid catalysts offer non-corrosive 

characteristics, environmental friendliness, and fewer challenges in disposal (Sun, Tong, Yu, 

& Wan, 2016). Moreover, solid catalysts can be more easily separated from products and can 

be reused. A variety of the heterogeneous acid catalysts such as sulfated zirconia (SZ), MoO3–

SiO2 (Hlatshwayo, Ndolomingo, Bingwa, & Meijboom, 2021), ZrO2, TiO2–ZrO2, WO3/TiO2–

ZrO2, and MoO3/TiO2–ZrO2 (Reddy, Sudarsanam, Raju, & Reddy, 2010), have been explored 

for the Gly acetylation. SZ has been known to give high activity and selectivity in Gly 

acetylation. However, due to the high crystallinity of ZrO2 and often low specific surface area, 

the accessibility of active sites remains limited. To decrease this limitation, employing a 

combination of ZrO2 with an amorphous support such as silica oxide may offer advantages. 

The use of a high surface area support facilitates the accessibility of active species, while 

zirconia serves to chemically stabilize heteropolyacids (Kuzminska, Kovalchuk, Backov, & 

Gaigneaux, 2014).  

Therefore, this study aimed to explore the effect of surface functional groups on siliceous 

zirconia (SZ) for glycerol acetylation with acetic acid. SZ was functionalized with sulfuric acid 

and 12-tungstophosphoric acid to generate sulfonated SZ catalysts. The catalysts were 

characterized using X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning 

electron microscope energy-dispersive X-ray spectroscopy (SEM-EDS), and Fourier 

Transform Infrared Spectroscopy (FTIR). The effects of operating parameters including surface 

groups on the SZ catalyst, reaction temperature, and reaction time were investigated at a 

glycerol-to-acetic acid molar ratio of 1:9. The production of mono-, di-, and tri-acetins were 

analyzed using gas chromatography (GC). 

2. Materials and Methods

2.1 Materials

In this research, various chemicals were employed, including Glycerol (AR grade) 

99.5% and Sulphuric Acid (AR grade) 98.0% obtained from Quality Reagent Chemical 

(QREC). Acetic acid (Glacial) 100.0% and Tungstophosphoric acid hydrate were sourced from 

Supelco, along with Tetraethoxysilane (TEOS) 98.0%, Zirconium dichloride oxide 98.0%, and 
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Glycerol monoacetate from Thermo Scientific. Additionally, Diacetin (Technical grade) 

50.0%, Glyceryl triacetate (>99.0%), Isopropyl acetate, and Glycerol (GC grade) (>99.0%) 

were obtained from Sigma-Aldrich. Ammonia (30.0%) was procured from Panreac AppliChem 

ITW Reagents.  

2.2 Catalyst Preparation 

The catalyst was prepared by the sol-gel method (Abida & Ali, 2020a). Zirconium 

oxychloride (ZrOCl2∙8H2O) was dissolved in DI water, with a volume of 20 mL. Subsequently, 

the solution was transferred to a beaker under constant stirring at a temperature of 35 °C. Once 

this step is completed, ammonium hydroxide solution (1 M) was added dropwisely until 

reaching a pH of 10, and continuous stirring for 15 min. Next, tetraethoxyorthosilicate (TEOS, 

98%) was slowly added with a Si/Zr ratio of 1:1 under continuous stirring for 1 hr at 35 °C. 

After completing this step, the resulting mixture was filtered and washed with DI water until 

the pH was 7. The product was then dried at 110 °C for 12 hr. Finally, the catalyst, named SZ, 

undergoes a process in a carbolite furnace at a temperature of 550 °C for 4 hr, and it was 

designated as SZ-550. After synthesizing SZ successfully, the process can incorporate sulphuric 

acid (H2SO4) and tungstophosphoric acid hydrate (TPA) to introduce the sulfate ion into the 

matrix. This involves adding H2SO4 and TPA at a concentration of 1 molar (3 ml) and stirring 

the mixture at 35°C for 24 hr. The resulting mixture was dried at 110 °C for 12 hr and then 

calcined using carbolite furnaces at a temperature of 550 °C for 4 hr. This procedure resulted 

in the formation of two catalysts, SSZ-550 and TSZ-550. 

2. 3 Catalyst Characterization

 The X-ray diffraction (XRD) measurements were conducted using a Bruker D8 

Advance diffractometer equipped with Cu Kα radiation (λ = 1.5418 Ǻ). Thermogravimetric 

Analysis (TGA) analytical technique was employed to examine weight variations in samples 

during heating, utilizing the SDT Q600 instrument within a temperature range from room 

temperature up to 900°C. The Scanning Electron Microscope (SEM) was employed for the 

examination of surface structures. The specific model utilized is the S-3400N by Hitachi, with 

a serial number 340637-09. Additionally, Energy-Dispersive X-ray Spectroscopy (EDS) was 

employed for chemical analysis. The chemical composition is analyzed using the Apollo X 

model by EDAX, and the instrument was identified by the serial number 2371. The Fourier-

transform infrared spectroscopy (FTIR) method, utilizing the Bruker Alpha II instrument, was 

employed to analyze functional groups on the surface in the range of 2,600 to 600 cm-1.

2.4 Acetylation of glycerol with acetic acid 

 The acetylation of glycerol with acetic acid was carried out in a three-necked glass 

reactor. The reaction occurred in a 250 mL three-necked glass reactor equipped with a magnetic 

bar, condenser, and thermometer. Glycerol and acetic acid were mixed in a molar ratio of 1:9 

in the glass reactor and heated in an oil bath to the required temperature. When the desired 

temperature was reached, the catalyst (3% by weight relative to the glycerol) was then added 

to start the reaction. The samples, approximately 1.5 mL each, were collected at a specific time 

66



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

interval. The mixture was centrifuged to separate the catalyst powder from the sample and 

analyzed by the GC method.  

Fig. 1 Schematic representation of experimental setup. 

2.5 Methods 

Quantitative analyses of the products were carried out using a gas chromatograph (GC-

2010 plus) from SHIMADZU CORPORATION with an auto-injector. A Zebron capillary 

column (ZB-5HT INFERNO) was used. The column dimensions are 30 m × 0.25 mm × 0.25 

µm. Helium was used as a carrier gas with a flow rate of 0.7 mL/min. The injection volume 

was 1 µL of a standard sample (20-100 mg) dissolved in 20 mL of isopropyl acetate. The inlet 

and detector temperature were set at 250 °C. The column temperature program was set as 

follows, 70°C hold for 5 min, followed by a ramping of 1 °C/min until reaching 130 °C, where 

it was held for an additional 10 min (Nebel, Mittelbach, & Uray, 2008). 

3. Results and Discussion

3.1 Characterization of catalysts 

The XRD patterns of siliceous zirconia (SZ-550), H2SO4-siliceous zirconia (SSZ-550), 

and TPA-siliceous zirconia (TSZ-550) are depicted in Fig. 2. SZ-550 catalyst only exhibited 

the typical broad band of amorphous solids associated to the framework of mesoporous silica 

as shown in Fig. 2(a). After the SZ-550 matrix was modified with H2SO4, the crystallization of 

sulfur was obtained, as shown in Fig. 2 (b). The main peaks indicate the crystallization of H2SO4 

as the primary phase at 2θ = 22.3, 23.08, 25.4, 25.84, 27.2, 27.8, 31.4, 32.5, 37.04, 38.1, 46.2, 

47.8, 56.6, and 57.5 (Radhika, Subadevi, Krishnaveni, Liu, & Sivakumar, 2018). For ZrSiO2 as 

the secondary phase showed the characteristic peaks at 2θ = 22.2, 22.5, 31.1, 36.2, 37.1, 37.5, 

40.8, 45.3, 48.2, 52.9 and 53.7 (De la Rosa-Cruz, Diaz-Torres, Salas, Castano, & Hernandez, 

2001). Additionally,  the XRD pattern of TSZ showed the characteristic peaks of tungsten 

Keggin-structure at 2θ values of 22.8, 24.9, 31.2, 34.4, 36.5 and 42.5 (Huang, Wang, & Liu, 

2020).  
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Fig. 2. XRD patterns of (a) SZ-550, (b) SSZ-550, and (c) TSZ-550.    

Thermogravimetric analysis (TGA) was employed to investigate the thermal 

characteristics of all three catalysts, as shown in Fig. 3. For siliceous zirconia (SZ), the DTA 

curve presents two endothermic peaks centered at 50 and 210 °C, assigned to the loss of water 

and carboxylate ligands, respectively(Al-Hazmi, Choi, & Apblett, 2014). Fig. 3 (a) 

demonstrates that the weight loss is correlated with the nature of the carboxylate ligands of the 

precursors and clearly shows that the weight loss starts at room temperature and is complete 

around 550°C. It can be concluded that the calcination temperature should be conducted at 

550 oC. Furthermore, the TGA curve of the SSZ-550 catalyst shown in Fig. 3 (b), according to 

the presented data, SSZ-550 was quite thermally stable. The weight loss was reported at the 

temperature of 680 °C. Additionally, it can be observed from Fig. 3 (c) that the TSZ-550 

samples differed from the SSZ-550. It showed higher weight loss at specific temperatures of 

TG analysis than the SSZ-550. Therefore TSZ-550 was quite thermally unstable.  

Fig. 3 TGA curves of (a) SZ, (b) SSZ-550, 

and (c) TSZ-550. 

a b 

c 
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The scanning electron microscope (SEM) images of SZ-550, SSZ-550, and TSZ-550 

catalysts are depicted in Fig. 4. The particle sizes of these catalysts were measured, revealing 

average particle sizes of 63.88 μm for SZ-550, 72.22 μm for SSZ-550, and 86.11 μm for TSZ-

550, as illustrated in Fig. 4(a), 4(b), and 4(c), respectively. While the particles of the SZ-550 

catalyst exhibited uniformity, both SSZ-550 and TSZ-550 catalysts displayed particle 

aggregation. The elemental mapping and EDS results of three catalysts are presented in      

Table 1. For the SSZ-550 catalyst, the results showed the incorporation of both sulfur and 

oxygen, potentially indicating the formation of SO3H groups within the SZ matrix. SSZ-550 

contained 13.81% of sulfur, 37.11% of oxygen, 10.65% of silica, and 38.44% of zirconium. In 

addition, the composition analysis of TSZ-550, results demonstrated the presence of tungsten 

(W), phosphorus (P), oxygen (O), silica (Si), and zirconium (Zr) providing conclusive evidence 

for the existence of TPA (H3PW12O40), with tungsten being the primary element which refers 

to heteropoly acid.   

Fig. 4 SEM-EDS images of (a) SZ-550, (b) SSZ-550, and (c) TSZ-550. 

Table 1 EDS analysis of catalysts. 

Catalyst 
Content of element; wt% 

Zr Si O S W P 

a) SZ-550 61.34 13.09 25.57 - - - 

b) SSZ-550 38.44 10.65 37.11 13.81 - - 

c) TSZ-550 15.32 2.49 12.4 - 69.48 0.31 

a

)

b

)

c

)
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The analysis of functional groups on the surface can be conducted using the FTIR 

technique. The FTIR spectra of SZ-550, SSZ-550, and TSZ-550 were presented in Fig. 5, In 

Fig. 5 (a) the FTIR spectra of SSZ-550, the sample show a band at ~ 810 cm−1 and 1087 cm-1 

due to the vibrations of M–O–M and O–M–O (where M=Zr/Si) (Verma, Rani, & Kumar, 2018). 

In the FTIR spectra, new bands in the range of approximately 1010–1080 cm−1 were observed 

in Fig. 2 (b), indicating stretching vibrations corresponding to S–O and S=O bonds. These 

findings support the incorporation of sulfate groups into the siliceous zirconia matrix. A similar 

observation was noted by Abida and Ali (Abida & Ali, 2020b), where the bands within the 

range of 1028–1266 cm−1 were reported, indicating the anchoring of sulfate ions onto the 

siliceous zirconia matrix. The FTIR spectrum of  TSZ-550 presented in Fig. 5(c), It was shown 

that the bands at 1084 cm-1, 983 cm-1, and 890 cm-1 were observed, indicating characteristic 

bands of 12-tungstophosphoric acid  (Rao, Sekharnath, Sudhakar, Rao, & Subha, 2014). 

Fig.5 FT-IR spectras of (a) SZ-550, (b) SSZ-550 and (c) TSZ-550 

3.2 Catalytic activity 

The glycerol acetylation with acetic acid requires an active acid catalyst to achieve high 

rates. To compare the catalytic performance, the reaction was conducted under similar 

conditions without using catalysts, and with using SZ-550, SSZ-550, and TSZ-550 catalysts. 

The effect of catalyst type is presented in Fig. 6 and Fig. 7. At a reaction time of 90 min, the 

SSZ-550 catalyst exhibited the highest values for glycerol conversion (XGly), and di-acetin yield 

(YDA) of 64.51%, and 15.82%, respectively. Following that, TSZ-550 showed the XGly, and 

YDA of 33.17%, and 4.83%, respectively. This should be due to the acid functional group on 

the SZ matrix possessing the positive properties to catalyze the acetylation of glycerol with 

acetic acid. The SSZ-550 demonstrated a significant increase in the reaction rate due to the 

larger number of acid sites derived from H2SO4 loading. Therefore, SSZ-550 was used to 

further study the effect of operating parameters for glycerol acetylation with acetic acid.  
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Fig. 6 Effect of catalyst type on the conversion of glycerol (Gly/AC mole ratio of 1:9; catalyst 

concentration of 3 wt.% of Gly, reaction temperature of 80 oC). 

Fig. 7 Effect of catalyst type on acetins yield (Gly/AC mole ratio of 1:9; catalyst 

concentration of 3 wt.% of Gly, reaction temperature of 80 oC, and reaction time of 90 min). 

Fig. 8 shows the effect of reaction temperature on glycerol conversion using SSZ-550 

loading of 3 wt.% of Gly at Gly/AC mole ratio of 1:9, different reaction temperatures of 80°C 

to 110°C, and varying reaction time. At a reaction time of 60 min, the values of XGly were 52.9 

and 97.8 at 80°C and 110 oC, respectively. The XGly was significantly increased when increasing 

the reaction temperature which corresponds the Arrhenius’s law. In addition, the YDA reached 

51.81% at a reaction temperature of 110 oC, while YDA was obtained at only 10.75% at 80°C as 

shown in Fig. 9. It was seen that increasing the reaction temperature from 80 to 110 °C enhances 

the SDA and STA because amounts of DA and TA were also formed due to secondary reactions

as shown in Fig. 10. (Keogh, Jeffrey, Tiwari, & Manyar, 2022). 
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Fig.8 Conversion of glycerol at different reaction temperatures (Gly/AC mole ratio of 1:9; 

SSZ-550 catalyst concentration of 3 wt.% of Gly).  

Fig. 9 Selectivity and yield at different reaction temperatures (Gly/AC mole ratio of 1:9; SSZ-

550 catalyst concentration of 3 wt.% of Gly and reaction time of 60 min). 
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Fig. 10 Acetylation of glycerol reaction mechanism with Acetic Acid.       

(Kaya Ekinci & Oktar, 2019) 

4. Conclusions

The acetylation process of glycerol to produce acetins was investigated using various 

acid catalysts. Siliceous zirconia was prepared by the sol-gel method providing the surface acid 

functional groups of the sulfonated group. The effects of operating parameters including 

catalyst type (SZ-550, SSZ-550, and TSZ-550), reaction temperature, and reaction time were 

investigated. Based on the similar reaction condition, SSZ-550 demonstrated the highest 

performance compared to TSZ-550 and SZ-550. This suggests that SSZ-550 exhibited the best 

catalytic performance with high glycerol conversion and yields of DA and TA within just 60 

min due to the high content of SO3H groups on the SZ surface. A 97.8 % glycerol conversion 

was obtained at the reaction temperature of 110 oC, SSZ-550 catalyst loading of 3 wt.% of Gly, 

and reaction time of 60 min. In addition, increasing the reaction temperature significantly 

increased the DA and TA yields. 
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Abstract 

A renewable fuel, biodiesel, is an environmentally friendly and alternative resource for local 

availability which has potential to replace diesel. However, 10 kg of biodiesel production via 

transesterification produces 1 kg of glycerol as a byproduct. Crude glycerol from this process 

requires the distillation unit to increase purity of glycerol which is an extensive energy 

requirement. The glycerol esterification is one of potential process to produce bio-additive fuel 

as diacetin (DA) and triacetin (TA). The solid acid catalysts, namely, graphene oxide (GO), 

reduced graphene oxide (rGO) and 12 – tungstophosphoric acid (TPA) were selected to catalyze 

the glycerol esterification using acetic acid to glycerol molar ratio of 6:1, catalyst loading of 1 

wt.% and reaction temperature of 110 °C for 2 h. It was found that TPA and rGO offered high 

glycerol conversion as well as high selectivity of DA and TA. The characterization results of 

catalyst supported their catalytic activities in term of active function groups including 

sulfonated group for rGO and heteropoly acid group for TPA. 

Keywords: Glycerol esterification; 12-Tungstophosphoric acid (TPA); Graphene oxide (GO); 

Reduced graphene oxide (rGO); Acetin 

1. Introduction

Biodiesel is a renewable fuel and has potential to replace diesel. It is an environmentally 

friendly and alternative source for local availability. It can be produced through a 

transesterification between a triglyceride derived from vegetable or animal fat or oil with 

alcohol. Glycerol is a byproduct from this biodiesel production process, which is 10 wt.% of 

glycerol produced following the stoichiometric basis [1]. The selling of crude glycerol can 
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reduce the cost of biodiesel production by only 6%. In addition, the huge amount of crude 

glycerol is generated leading to the relatively low profit from selling this glycerol. The effective 

usage and valorization of this glycerol could considerably improve the profitability of biodiesel 

production. One of the good choices to valorize glycerol is its glycerol esterification with acetic 

acid according to the following equations: 

Glycerol + Acetic acid ↔ Monoacetin + Water (1) 

Monoacetin + Acetic acid ↔ Diacetin + Water (2) 

Diacetin + Acetic acid  ↔ Triacetin + Water (3) 

The products of this reaction are mono-, di- and triacetin (MA, DA and TA, respectively). 

Glycerol is mostly used in the food, cosmetic, plastic and pharmaceutical industries. Acetin 

derivative from glycerol esterification is widely used, especially DA and TA. DA and TA can 

be used as biodiesel additive as fuel enhancer to improve the viscosity and anti-knock properties 

of fuel as well as fuel additive to reduce the noxious gas emissions [2]. Glycerol esterification 

with acetic acid is a crucial process, traditionally catalyzed by homogeneous acid catalysts. 

However, these catalysts pose environmental and cost challenges. The change to heterogeneous 

catalysts, such as solid acid catalysts, presents a more practical and eco-friendly approach. 12-

Tungstophosphoric acid (TPA) has recently gained considerable attention among heteropoly 

acids (HPAs) and could be replaced the mineral liquid acids such as H2SO4, HCl, HNO3, etc. 

[3]. However, the formation of water as a byproduct can have a great impact on the catalytic 

performance of some solid acid catalysts such as supported heteropoly acids (HPAs) because 

of high hydrophilic properties [4]. 

Heteropoly acids (HPAs) are versatile green catalysts. They showed high oxidizing ability, 

high acidity, good thermal stability, strong Brønsted acidity, Keggin structure, less 

corrosiveness and easy improvement of acidity. They have wide range of acid-catalyzed 

reactions [4]. However, the leaching of this HPAs is a main consideration for utilizing this 

species. To overcome their solubility issues as well as increase the water resistance, the 

supporting material namely graphene oxide (GO) is selected. GO is known for its high potential 

and acid catalysis capability. The previous report showed that using GO as a catalyst in the 

esterification of glycerol and acetic acid can achieve complete glycerol conversion with 90% 

and high selectivity of DA and TA. The unprecedented catalytic performance is related to the 

oxygen-containing groups related to the acid functional group (carboxylic and phenolic 

groups), particularly the SO3H groups. Therefore, the comparison on their catalytic activity for 

glycerol esterification with acetic acid should be investigated under the similar operating 

condition. This research marks the first report on the catalytic performance of heterogeneous 

GO, rGO and TPA catalysts for this process. The catalyst characteristics were also investigated 

to support their catalytic activities. 

2. Materials and methods

2.1 Chemical: Graphite powder (99.0%), 12-tungstophosphoric acid (H3PW12O40), acetic acid 

and isopropyl acetate (99%), were obtained from Sigma-Aldrich. Sulfuric acid (98.0%) and 
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glycerol (99.5%) were purchased from QReC-chemical. Potassium permanganate (99.5%) and 

sodium carbonate (≥99.0%) were obtained from Kemaus. Sodium nitrate (≥99.0%) was 

obtained from Dae Jung. Hydrogen peroxide solution (30.0%) and hydrochloric acid (37.0%) 

were obtained from Fisher chemical. Ethanol (98.0%) was obtained from RCI-Labscan. 

Hydrazine solution (64% in H2O) was obtained from Thermo scientific. 

2.2 Preparation of graphene oxide (GO): The synthesis of graphene oxide (GO) was carried 

out using the modified Hummer’s method [5, 6]. The procedure involved adding 1 g of graphite 

powder, 0.5 g of NaNO3, and 23 mL of sulfuric acid (H2SO4) to a 500 mL flask, which was 

placed in an ice bath at 0-5 °C and stirred for 10 min. Subsequently, 3 g of KMnO4 was slowly 

introduced to the mixture, maintaining the temperature at 0-5 °C for 2 h. After removing from 

the ice bath, and the temperature gradually increased to 35 °C, with continuous stirring for 30 

min. H2SO4 was added, and after another 30 min, deionized (DI) water (46 mL) was slowly 

incorporated into the solution. The resulting hydration increased the temperature to 90-98 °C, 

and stirring continued for an additional 30 min. The reaction was stopped by adding 140 mL of 

deionized water and 10 mL of 30 wt.% hydrogen peroxide. The brown/yellowish product was 

separated from the solution through vacuum filtration. The GO powders were washed twice 

with a 5% HCl solution (200 mL) and DI water before being air-dried in an oven at 60 °C for 

12 h. 

2.3 Preparation of the reduce graphene oxide (rGO): rGO was synthesized following the 

previous research [7]. GO 500 mg was sonicated in DI water 500 mL for 2 h. Then, 5% Na2CO3 

12 mL was added to increase the solution pH to 9–10. Afterwards, 20 mL of 64% hydrazine 

hydrate (41.2 wt. equiv.) was added to the suspension. The mixture was refluxed for 24 h. The 

solution was cooled down to room temperature and washed with DI water (100 mL) and MeOH 

(200 mL) and dried at 40 °C under vacuum overnight. 

2.4 Glycerol esterification: The experiment involved conducting acetic acid and catalyst 

reactions in a three-neck round-bottom glass, varying the acetic acid to glycerol molar ratio of 

6:1 and catalyst concentration of 1 wt.%). Reaction temperatures of 110°C was explored, 

maintaining a stirring speed of 700 rpm for 120 min. Glycerol was preheated separately. The 

sequence reaction setup, acetic acid and the catalyst were heated in the three-neck round-bottom 

flask, while the separated glycerol was preheated in the flask. When the reaction temperature 

was reached to the desired temperature, the preheated glycerol was introduced in the three-neck 

round-bottom flask and stirring with magnetic bar. The glycerol esterification process 

employed silicone oil as a heating medium. the mixture product was analyzed by gas 

chromatography (GC) to determine the content of mono-, di-, and triacetin. 

2.5 Determination content of glycerol and acetin: 20 mL of isopropyl acetate solvent was 

prepared in 50 mL beaker. Reaction mixture samples were weighed to 0.04 ± 0.004 g, dissolved 

sample in isopropyl acetate solvent and shake to allow the solution to be mixed. Then, the 1 μL 

of sample solution was injected in GC following GC condition. MA, DA and TA content 

obtained from glycerol esterification with acetic acid was analyzed by GC using a DB-5 column 

(30 m × 0.320 mm, 0.25 m) starting at a temperature of 50 °C with a holding time of 5 min.

Then, the temperature was increased to 130 °C at 1 °C/min and held for 10 min. Carrier gas 

helium flow 0.7 mL/min, 120 °C 5 min, then 1 °C/min up to 130 °C. Acetins yield was 

calculated using Equations (4) and (5). To determine conversion of glycerol and acetins 

selectivity were defined as follows: 

Conversion (%) = 
(initial mol of glycerol)-( mol of glycerol at time (t))

(initial mol of glycerol)
×100 (4) 
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Selectivity (%) = 
moles of desired acetin product

mol of total acetin product
×100 (5) 

3. Results and discussion

3.1 Characterization results 

The catalyst characterization results including of SEM, SEM-DEX and XRD was 

investigated as illustrated in Fig. 1, Table 1 and Fig. 2, respectively. Acidity of catalysts in 

Table 2 

3.1.1 SEM-EDX 

Fig. 1 SEM images of (a) GO), (b) rGO) and (c) TPA 

Fig. 1 (a) depicts the structure of GO before reduction, revealing a little change in 

sample morphology following the exfoliation. Consequently, all the altered carbons maintained 

their flake-like structures [8]. Fig. 1(b) reveals the morphology of reduced graphene oxide 

(rGO). A typical flake-like structure characterized by exfoliated layers, creases, twists, 

wrinkles, and crumbles, along with holes and gaps between carbon planes contributing to its 

developed texture. Post-thermal treatment, the thickness of rGO was notably smaller than that 

of graphene oxide (GO) flakes, attributed to factors such as the elimination of oxygen-

containing functional groups and the removal of interlamellar water in graphite oxide, 

influenced by relative humidity. Fig (c) presents bulk aggregated clusters with the orderly 

appearance and crystallites [9]. 

Table 1 SEM-EDX analysis results of all catalysts 

Catalyst Elements composition (wt.%) 

C O S W P 

GO 61.78 31.31 1.69 1.21 4.01 

rGO 56.72 25.34 15.92 0.89 1.13 

TPA 1.52 15.19 0.43 76.59 6.27 

Table 1 shows the evolution of composition of rGO compared with that of GO. The 

result showed the incorporation of both sulfur and oxygen, potentially indicating the formation 

of SO3H groups within the GO structure. GO contained 1.69% of sulfur and 31.31% of oxygen, 

while 15.92% of sulfur and 25.34% of oxygen observed for rGO. The thermal exfoliation of 

GO (rGO) with high temperature induced the changes in the composition of the parent sample, 

a) b)

)

c)

)
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introducing varying amounts of sulfur and oxygen to GO [2, 10]. This suggests that modifying 

graphene-based samples with temperature is a highly efficient method of functionalization and 

successful the reduction of oxygen functional group. Significantly, the direct consequence of 

rGO was an increase in sample acidity, supporting the formation of acidic groups in the 

processes of GO, including sulfonic and carboxylic functionalities [11]. The composition of 

TPA in the result revealed the presence of C, O, W, and P conclusively confirming the existence 

of TPA (H3PW12O40), with W or tungsten being the most abundant element which could be 

refer to heteropoly acid. 

3.1.2 XRD 

Fig. 2 XRD patterns of the (a) graphite, (b) GO, (c) rGO and (d) TPA 

The XRD patterns of graphite, graphene oxide (GO), reduced graphene oxide (rGO) 

and TPA are depicted in Fig. 2. In the XRD pattern of GO, a significant crystalline peak at 13.6˚ 

is evident, corresponding to a d-spacing of 8.42˚A, attributed to oxygenated functional groups 

introduced during the modified Hummer’s method and interlamellar water molecules trapped 

between adjacent hydrophilic graphene oxide layers. The less intense peak at 2θ = 42.1° 

commonly observed in graphitic substances indicates the presence of some unexfoliated 

graphite particles [13]. For the XRD pattern of rGO, the intensity of the GO peak diminishes, 

and a new peak at 23.6˚ emerges, corresponding to a decreased d-spacing of 6.6˚A. This 

reduction in d-spacing in rGO indicates the successful elimination of oxygen-containing 

functional groups, confirming the effectiveness of the reduction process. Additionally, the XRD 

patterns of TPA (12-Tungstophosphoric acid) showed the characteristic peaks of the Keggin 

ion at 2θ values of 10.3˚, 17.9˚, 23.2˚, 25.8˚, 29.7˚, 36.3˚, and 38.9˚. This consistency aligns 

with reported literature, confirming the presence of tungsten Keggin-structure-related peaks at 

2θ = 10.5˚, 18.3˚, 23.7˚, 26.1˚, 30.2˚, 35.6˚, and 38.8˚ [14]. 

3.2 Catalytic activity 

In the experimental setup, the operation at a reaction temperature of 110 °C and an acetic 

acid to glycerol molar ratio of 6:1 was used to serve as a driving force to propel the forward 

esterification. The catalytic performances of the samples were assessed based on glycerol 
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conversion and selectivity’s of acetin products (MA, DA, and TA). The obtained results, 

including the blank test, are shown in Figs. 3-4. 

Fig. 3 Catalytic activity for esterification of glycerol and acetic acid in term of conversion of 

glycerol obtained in the reaction with blank, GO, rGO and TPA catalysts. 

Fig. 4 Catalytic activity for esterification of glycerol and acetic acid in term of selectivity of 

acetin products obtained in the reaction with blank, GO, rGO and TPA catalysts. 
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Fig. 3 presents the results of glycerol conversion along the reaction time using GO, rGO 

and TPA catalysts compared to the blank system (without catalyst). The glycerol conversion 

for all runs was increased along the reaction time from 0 to 120 min. However, the longer the 

reaction time, the smaller the differences in the sample activities were observed due to 

approaching/reaching the reaction equilibrium. The glycerol conversion derived from the blank 

run was reached 44% at 120 min. This indicated that the autocatalytic reaction was occurred 

from the acetic acid reactant. When, the GO was used to catalyze esterification, the glycerol 

conversion was increased to 76% at 120 min. The similar highest glycerol conversion was 

observed for both rGO and TPA catalyzed esterification of glycerol and acetic acid as 93 and 

95% at the initial reaction stage of 30 min, respectively.  The previous report also found the 

similar trend for using the TPA [15] and rGO [16].  This should be because the acid functional 

group and acid properties of rGO and TPA poses the positive properties to catalyze 

esterification of glycerol and acetic acid. TPA is the one of heteropoly acid catalyst having high 

Brønsted acid strength and high acid site density [4]. Back titration was used to determine 

acidity for all catalysts. It was found that the acidity of TPA was only obtained as 3.996 

mmol/g.cat while the acid site derived from GO and rGO catalysts could not dissolve in NaOH 

solution. Malaika et. al [2] reported the acidity of rGO as 0.82 mmol/g.cat derived from 

sulfonated functional groups to facilitate its catalytic activity. Gao et. al [5] aslo found the 

acidity of GO as 0.378 mmol/g.cat. Therefore, the order of catalytic activity for glycerol 

esterification was in accordance to theire acidity.  In addition, EDX revealed that the high S 

content of 15.92 wt.% was found from rGO while only 1.69 % was observed for GO. This 

demonstrates the higher acidity for rGO was due to the high concentration of SO3H groups on 

its surface. TPA also exhibits the catalytic effect in glycerol esterification comparable to rGO, 

even though it lacks SO3H groups on its surface. This suggests other functionalities, particularly 

the tungsten (W) in structure as detected on TPA which refers the heteropoly acid catalyst.  This 

species was found to give high catalytic activity for glycerol esterification [14].  

Fig. 4 illustrates the distribution of various products during glycerol esterification at the 

selected reaction times using different catalysts and compared to the blank test (without 

catalyst). The esterification of glycerol and acetic acid led to the production of MA, DA and 

TA, respectively. At the initial stage (30 min), the GO catalyst was predominated in selectivity 

for MA showing approximately 67.8% selectivity of MA while the blank exhibiting about 

88.4% selectivity to MA. Conversely, the MA selectivity at 30 min of using TPA and rGO 

catalysts was lower about 33.66% and 24.65%, respectively. These catalysts primarily 

catalyzed esterification for transformation of glycerol into diacetin (DA) with a selectivity of 

about 53% at 60 min, while also produced significant triacetin (TA) amounts (selectivity of 

about 15 and 21%, respectively) at 60 min and increased by approximately 3-5% at 120 min 

with achieving a glycerol conversion of about 95% at 120 min. The observed selectivity found 

that formation of acetin derivative throughout consecutive reactions. The initial selectivity to 

MA was decreased over time in all cases, while the selectivity of DA and TA were increased. 

This suggests that glycerol esterification over graphene oxide and TPA catalysts occurs in three 

steps: (1) MA formation, (2) followed by MA reacted with acetic acid conversed to DA, and 3) 

DA conversion to TA with corresponding to Eqs. (1)– (3). Based on the selectivity profiles 

along the reaction time for rGO and TPA catalysts expressed the order magnitude of selectivity 

from high to low were DA, MA and TA for all catalysts. This observation could propose the 

order of the net reaction rate constant involving each step for high to low as the net reaction 

rate of DA > MA > TA.  In contrast to, the DA+TA over GO catalyst at the initial reaction stage 
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(30 min) was relatively low. It was around 32% at 60 min. Over the reaction time, especially 

for the more active GO catalyst, DA+TA increased, reaching approximately 40% at 120 min. 

This can be concluded that the rGO and TPA were the most active catalysts providing the rapid 

conversion of glycerol to MA to higher DA and TA, making them effective in converting 

substantial glycerol amounts into MA, DA and TA within a short reaction time. When 

considering both the catalytic activity (Fig. 3-4), it was found that high activity was associated 

with high acidity. Previously report was concluded that the higher acetins formed in glycerol 

esterification over carbon materials [17-18], corresponds well with the number of its SO3H 

group or acidity. 

4. Conclusions

The glycerol valorization using esterification to produce acetin derivatives (MA, DA 

and TA) was successfully carried out using acid catalysts. Graphene-based catalyst GO and 

rGO were prepared through thermal exfoliation of graphite providing the surface acid 

functional groups of carboxylic and sulfonated group. While TPA was a tungsten-containing 

material referred to the heteropoly acid catalyst. Based on the similar reaction condition, TPA 

demonstrated highest performance, slightly higher compared to rGO. This suggests that other 

functionalities, particularly the tungsten (W) in structure detected on TPA exhibited the best 

catalytic performance with high glycerol conversion and yields of DA and TA within just 60 

min. rGO was also highly effective, incorporating a substantial number of SO3H leading to a 

significant increase in the total acidity of the parent material. The rGO displayed the highest 

content of SO3H groups derived from S content on the surface. Catalytic data from the glycerol 

and acetic acid esterification indicated the crucial role of strong acidic sites in the process.  
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ABSTRACT 

Alkyd resin plant is a facility where the resin is produced at larger scale. Around 200,000 tons 

per year of alkyd resin are produced and used as coatings and finishes in the protective coatings 

industry. In the resin production process, several waste gases (e.g., toluene and xylene) are 

emitted. Wet scrubber is therefore implemented to absorb those waste gases aiming at pollution 

control. The undesired performance of wet scrubber causes unpleasant odor and pollution 

impact. The studied plant uses water and aqueous solution of 5%wt. sodium hydroxide as an 

absorbent. Due to the low solubility of some waste gases in the absorbent, unpleasant odor has 

been experienced. This work aims to improve the performance of wet scrubber unit for alkyd 

production by a manipulation of the operating conditions. As a result, the waste gas from resin 

processing to wet scrubber system was simulated using Aspen Plus at waste gas flow rate of 60 

kg/hr. Since the knockout drum is a crucial unit that reduces the load of waste gas treatment in 

the wet scrubber, performance improvement of the knockout drum was preliminary investigated 

by varying (i) operating temperature (30-50 ๐C) and (ii) nitrogen carrier flow rate 5-20 kg/hr.
Simulation result shows that flow rates of xylene and toluene in the discharge gas stream trend 

to be low when decreasing the temperature and nitrogen flow rate. 

Keywords: Resin process; knockout drum; wet scrubber. 

1. INTRODUCTION

Wet gas scrubbers, also known as wet scrubbers, are widely used in industrial plants for the 

treatment of waste gases from production processes, such as acid vapors and various chemical 

vapors. Due to their simple system and low investment requirements, wet scrubbers are often 

chosen for air pollution control. These systems are designed to capture and remove pollutants, 

including particulate matter and gases, from industrial exhaust streams. Wet scrubbers find 

application in diverse industries such as chemical manufacturing, petrochemicals, 

pharmaceuticals, and metal processing. There are many types of wet gas purification systems, 

such as packed tower, sprayed tower, Venturi, and cyclone gas purification systems. However, 

the most popular system in the industry is the packed tower [1] The process relies on the contact 

between the waste gas containing contaminants and the absorbent, usually water, on a packing 

material designed to increase the contact surface between the contaminated waste gas and the 

liquid absorbent. When the liquid absorbent comes into contact with the filling material, it 

decreases in volume, with some flowing as a thin film on the surface of the filling material. 

This phenomenon increases the contact surface area between the liquid absorbent and the 

released gas, consequently enhancing the efficiency of capturing waste gases. There are three 

types of flow directions for waste gases and liquid absorbers: counterflow, concurrent flow, and 

crossflow [2]. The selection of which depends on the objectives of each industry. The efficiency 

of a wet scrubber can be enhanced by incorporating a knockout drum. This device facilitates 
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the transformation of waste gas or vapor steam from the process into a liquid phase, thereby 

reducing the load of waste gas on the wet scrubber and improving emission control [3]. In this 

research, Aspen plus software has been applied in several studies to simulate the effects of 

nitrogen rate, temperature, and flow rate of waste gas in knockout drum were discussed. 

2. METHODOLOGY

The alkyd resin plant generates xylene and toluene waste gases during the process. The total 

waste gas flow rate of 60 kg/hr is directed into a knockout drum to separate the vapor phase and 

liquid phase. The vapor phase is then directed into a wet scrubber, while the liquid phase is 

packaged in bulk for disposal. 

2.1 Process description and configuration 

Fig. 1 presents a simulated process flow diagram for scrubber unit in alkyd resin plant 

production, which is built using ASPEN Plus software. The NRTL thermodynamic model was 

used in this simulation.  Waste gas (including toluene and xylene) are the inlet gases to knockout 

drum. The temperature of the inlet gas is 45 °C, and the temperature of knockout drum is 40 

°C. Some of the inlet gas condenses into the liquid phase, while the gas phase goes to the wet 

scrubber. In knockout drum, the temperature is 40 °C. It receives xylene and toluene at a 

temperature of 45 °C from the process xylene and toluene condense into the liquid phase, while 

a portion of xylene and toluene in the gas phase is directed to the wet scrubber for gas treatment. 

Fig. 1 Simulated process flow diagram of knockout drum 

2.2  Equipment description 

 For the studied Alkyd resin plant, the knockout drum is a vertical tank made from stainless 

steel with a height of 2 meters and a length of 1.35 meters. This tank is equipped with a chilled 

water coil to supply water at a temperature of 12-14 °C. At the bottom of the tank, there is a 1-

inch drain valve for draining liquid condensate. Additionally, at the top of the tank, there is an 

outlet valve for directing wet gas to the wet scrubber. 
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2.3 Operating Condition 

The operating conditions in the alkyd process vary with temperatures of the knockout drum 

and nitrogen flow rate. The temperature ranges between 30 - 50 °C, representing the minimum 

and maximum operating temperatures for the knockout drum, respectively. The nitrogen flow 

rate is currently at 20 kg/hr in the processing of alkyd resin. In this research study, the effect of 

nitrogen rates at 10 kg/hr and 5 kg/hr is explored, as shown in Table 1. 

  Table 1. Operating conditions of the knockout drum 

No Temperature (๐C) N2 flow rate (kg/hr) 

1 30 20 

2 40 20 

3 50 20 

4 30 10 

5 40 10 

6 50 10 

7 30 5 

8 40 5 

9 50 5 

3. RESULTS AND DISCUSSION

 The ASPEN Plus software provides a tool capable of process optimization for adjustable 

variables. The temperature of the knockout drum is set between 30 °C and 50 °C, and the 

nitrogen flow rate ranges from 5 to 20 kg/hr. The effect of different operation parameters are 

discussed as followings:  

3.1 Temperature of knockout drum 

      The temperature of the knockout drum is an essential parameter in the separation of gas 

from liquid [4]. A higher temperature increases the rate of separation and reduces phase 

separation time [5]. For the alkyd process, Table 2. presents the relationship between 

temperature and the flow rate of waste gas in the liquid and vapor phases. The flow rates of 

xylene and toluene in the discharge gas stream trend to be low when decreasing the temperature. 

(in other words, their mass flow rate in the discharge liquid stream increase). 

3.2 Nitrogen flow rate 

      Nitrogen is a crucial raw material for the synthesis of the resin process, and it significantly 

influences product properties such as colour and appearance [6]. According to the simulation 

using ASPEN Plus, nitrogen varies at 5 kg/hr, 10 kg/hr, and 20 kg/hr under different 

temperatures of 30 °C, 40 °C, and 50 °C, respectively. The results indicate that increasing the 

nitrogen flow rate leads to higher flow rate of xylene and toluene in the vapor phase, which 

correlates with the temperature of the knockout drum. Table 3 illustrates the effect of nitrogen 

flow rate at a knockout drum temperature of 30 °C, resulting in lower flow rates of xylene and 

toluene in the vapor phase compared to the normal operating conditions shown in Table 4. The 
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worst conditions occur at the maximum knockout drum temperature of 50°C and a nitrogen 

flow rate of 20 kg/hr, as indicated in Table 5, where the flow rates of xylene and toluene are 

higher. 

Table 2. Discharge flow rate of waste gas at difference temperature and constant nitrogen rate 

20 kg / hr 

Inlet 
Discharge 

Liquid flow rate (kg/hr) Vapor flow rate (kg/hr) 

Feed 

component 

Flow rate 

(kg/hr) 
30 ๐C 40 ๐C 50 ๐C 30 ๐C 40 ๐C 50 ๐C

Toluene 10.000 9.575 9.318 8.944 0.425 0.682 1.056 

Xylene 30.000 29.570 29.259 28.763 0.430 0.741 1.237 

Nitrogen 20.000 0.020 0.018 0.017 19.980 19.982 19.983 

Table 3. Discharge flow rate at difference nitrogen flow rates and constant temperature 30 °C 

Inlet 
Discharge 

Liquid phase Vapor phase 

Feed 

component 

Flow rate 

(kg/hr) 
Toluene xylene Nitrogen Toluene Xylene Nitrogen 

Nitrogen 20 9.575 29.570 0.020 0.425 0.430 19.980 

10 9.653 29.632 0.021 0.347 0.368 9.979 

5 9.892 29.817 0.021 0.108 0.106 4.979 

*Toluene inlet flow rate 10 kg/hr and xylene inlet flow rate 30 kg/hr

Table 4. Discharge flow rate at difference nitrogen flow rates and constant temperature 40 °C 

Inlet 
Discharge 

Liquid phase Vapor phase 

Feed 

component 

Flow rate 

(kg/hr) 
Toluene xylene Nitrogen Toluene Xylene Nitrogen 

Nitrogen 20 9.318 29.259 0.018 0.682 0.741 19.982 

10 9.653 29.632 0.019 0.347 0.368 9.981 

5 9.826 29.817 0.019 0.174 0.183 4.981 

*Toluene inlet flow rate 10 kg/hr and xylene inlet flow rate 30 kg/hr

Table 5. Discharge flow rate at difference nitrogen flow rates and constant temperature 50 °C 

Inlet 
Discharge 

Liquid phase Vapor phase 

Feed 

component 

Flow rate 

(kg/hr) 
Toluene xylene Nitrogen Toluene Xylene Nitrogen 

Nitrogen 20 8.944 28.763 0.017 1.056 1.237 19.983 

10 9.458 29.387 0.017 0.542 0.613 9.983 

5 9.726 29.696 0.017 0.274 0.304 4.983 

*Toluene inlet flow rate 10 kg/hr and xylene inlet flow rate 30 kg/hr
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Sensitivity Results Curve
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3.3 Sensitivity Analysis

The effect of main operating conditions, which are temperature of knockout drum and flow 

rate of nitrogen gas, are discussed in this section. To enhance waste gas treatment in the resin 

process, assumptions have been developed during the simulation. The temperature of the 

knockout drum varies between 30 °C and 50 °C, and the nitrogen flow rate ranges from 5 kg/hr 

to 20 kg/hr. Additionally, the total waste gas flow rate is fixed at 60 kg/hr for all cases. The 

effect of temperature in the range of 0 °C to 100 °C is shown in Figure 2. The flow rate of 

xylene in vapor phase increase 99.46% and liquid phase reduce 39.96 % Moreover, the flow 

rate of toluene in vapor phase increase 98.67% and 59.61 % reduce of liquid phase, can be 

observed that the flow rate of waste gas increases with the temperature, while the flow rate of 

the fluid phase decreases with the temperature. A similar trend was observed by Marcantonio 

and colleagues [7].  

Fig. 2 Sensitivity analysis of waste gas flow rate respect to temperature.

4. CONCLUSION

In this work a simulation of waste gas of knockout drum from alkyd resin process using 

ASPEN Plus software wase developed. The conclusions are given as follows: 

1. The ASPEN Plus software has proven to be effective in simulating the flow rate of waste

gas from the knockout drum in the alkyd resin process and predicting the operating conditions. 

2. The nitrogen flow rate in the alkyd resin process should be carefully determined, taking

into consideration the efficiency of the knockout drum. In actual operating conditions of the 

alkyd resin plant, at a knockout drum temperature of 40 °C, the vapor phase flow rate of xylene 

reduces by 50.34%, and toluene reduces by 49.12% when changing the nitrogen flow rate from 

20 kg/hr to 10 kg/hr.  

These findings suggest that the knockout drum is an effective method for reducing waste 

gas from the alkyd resin process, addressing both unpleasant odor and pollution impact. 
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Abstract 

Residue hydrocracking (RHC) is a crucial refinery process that converts heavy oil residues into 

valuable distillate products such as diesel and gasoline. This process significantly enhances the 

value of heavy crude oil by upgrading low-value residues into more marketable products. RHC 

is a complex process involving high temperatures, pressures, and catalysts to break down the 

large hydrocarbon molecules found in heavy residues. This study aims to simulate the 

hydrocracking process to maximize diesel production, considering various process parameters 

using Aspen HYSYS. The investigated process parameters include feed quality (such as light 

vacuum gas oil (LVGO), heavy vacuum gas oil (HVGO), and short residue (SR)), feed rate, 

gas-to-oil ratio, recycle gas H2 purity, and combined feed ratio (CFR). A simulation model was 

developed using the factorial design approach to examine the impact of these process 

parameters on diesel production. The simulation results indicated that feed quality exerts the 

most significant influence on diesel production, followed by CFR, feed rate, gas-to-oil ratio, 

and recycled gas H2 purity. Implementing these conditions is predicted to maximize yield diesel 

production using feed quality as SR, HVGO, and LVGO, respectively. The simulation results 

also demonstrated that optimizing process parameters can enhance diesel production. These 

simulation outcomes are valuable as they provide a practical tool for optimizing hydrocracking 

process operations to maximize diesel production. Additionally, the study emphasizes the 

crucial role of feed quality in determining diesel production. 

Keywords:  Hydrocracking process; Aspen HYSYS; Factorial design; Diesel production; 

Process optimization. 
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1. Introduction

In the realm of petroleum refining, the main ingredient at play is crude oil, which falls into

three distinct categories: light, medium, and heavy crude oil. Post-refining, these variants of 

crude oil render two fundamental products: white oil, commonly referred to as gasoline, and 

black oil, known as long residue, representing a less lucrative commodity. The current trend in 

the industry is an increased focus on advancing technologies for the further refinement of heavy 

crude oil, driven by its economical advantages. Nonetheless, the petroleum refining sector tends 

to shy away from heavy crude oil due to its elevated proportion of black oil, a less valuable 

output.[1] 

Hydrocracking serves as the pivotal technique for transforming lesser-value products like 

vacuum gas oil (VGO) or short residue (SR) into high-value entities such as naphtha, kerosene, 

and diesel. This intricate process employs two fixed-bed reactors: a hydrotreating reactor 

responsible for eliminating sulfur and nitrogen compounds, and a hydrocracking reactor 

facilitating hydroisomerization and hydrocracking reactions to produce diesel characterized by 

low sulfur and aromatics content, coupled with a high smoke point. [2] 

This current study endeavors to construct a model of the hydrocracking process utilizing 

the Aspen HYSYS software, grounded in a reference study leveraging authentic refinery data. 

The analytical pursuit revolves around determining optimal process conditions, evaluating 

percentage alterations, maximizing diesel output, and substantiating the viability of the 

hydrocracking process. The overarching objective is to underscore the potential of 

hydrocracking in enhancing refinery profitability through the maximization of high-value 

product generation, particularly diesel. [3]  

2. Methodology

2.1. Process description and configuration 

The hydrocracking process is carried out in a fixed-bed reactor with a catalyst at high 

temperature and pressure to convert heavy oil into middle distillates in a high hydrogen 

atmosphere. Since the hydrocracking reaction involves both cracking and hydrogenation, a 

dual-function catalyst is required, consisting of a hydrogenation component dispersed on a 

porous acidic support to promote cracking. Typical catalysts are silica-alumina (or low or high 

silica zeolite) with base metal components such as Ni, Pt, Pd, W, and Mo. The silica-alumina 

component promotes cracking, while the metals promote hydrogenation. [4] 

The process typically uses two reactors in series: a hydrotreater (HT) and a hydrocracker 

(HC) as can be seen in Fig. 1. The hydrotreater is used to pretreat feedstock, which is typically 

heavy vacuum gas oil (HVGO), a mixture of various hydrocarbons classified as paraffins, 

olefins, aromatics, naphthene, and compounds with ring structures. The HVGO also contains 

sulfur and nitrogen, as well as various metal compounds.[5] 

The hydrotreater removes sulfur and nitrogen compounds and converts some of the olefins 

to paraffins. The hydrocracker then cracks the remaining heavy molecules into lighter products, 

such as gasoline, diesel fuel, and jet fuel. It is used to convert heavy, low-value feedstocks into 

more valuable products. The process is also used to produce high-quality fuels that meet 

environmental regulations.  

The chemical reaction occurs both in Hydrotreater and Hydrocracker are as follows 

respectively: 
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Hydrodesulfurization, hydrodenitrogenation, hydrogenation, ring dealkylation, ring 

opening and hydrocracking. This process involves breaking carbon-carbon bonds and 

saturating carbon-carbon double bonds, resulting in the production of high-quality fuels like 

diesel, and jet fuel. 

Fig. 1 Simplified hydrocracking process diagram 

2.2. Operating conditions 

The hydrocracking process was simulated using Aspen Hysys software as illustrates in Fig. 

2. The feedstock properties are shown in Tables 1 and 2. The feed rate was 4270 tons per day

and the single-pass conversion was 67.48%. The yield of diesel was 26.65%. The operating

conditions for the process are shown in Table 3. The amount of catalyst used for the hydrotreater

(HT) was 10% wt of the amount of catalyst used for the hydrocracker (HC). The temperature

of the HVGO before entering the reactor was 360.87 °C and the pressure was 130 bar. [6]

Table 1. Distillation ranges of each feedstock 

Distillation (%) HVGO LVGO SR 

TBP (K) TBP (°C) TBP (K) TBP (°C) TBP (K) TBP (°C) 

0 541.56 268.6 573.2 300.0 833.2 560.0 

5 601.64 328.6 581.8 308.6 855.2 582.0 

10 628.85 355.9 590.6 317.5 861.1 588.0 

30 673.25 400.3 628.2 355.1 886.2 613.1 

50 708.47 435.5 667.0 393.9 918.6 645.5 

70 741.07 468.1 707.9 434.7 965.2 692.1 

90 780.32 507.3 756.9 483.7 1032.3 759.1 

95 797.93 524.9 771.7 498.6 1042.3 769.1 

100 815.54 542.5 793.1 520.0 1097.1 823.9 

Table 2. Properties of each feedstock 
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Properties HVGO LVGO SR Unit of measure 

Density 0.9135 0.8631 0.9959 g/cm3 

Sulfur 2.2 1.5 4.8 %wt 

Nitrogen 637 349 2711 ppmwt 

Table 3. The operating conditions for the HT and HC process 

Reactor outlet bed Outlet bed temperature (°C) 

HT Bed 1 387.82 

HT Bed 2 392.82 

HC Bed 1 379.67 

HC Bed 2 379.01 

HC Bed 3 379.65 

HC Bed 4 380.72 

Fig. 2 Simulated hydrocracking process diagram 

3. Experimental Design

The effect of process variables on the hydrocracking process was studied using Aspen

HYSYS software. As stated before, the feedstock qualities are shown in Tables 1 and 2, while 

the studied variables and their ranges are presented in Table 4. 

Table 4. The process variables studied in the hydrocracking process 
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Feedstock quality Feed rate Hydrogen-to-oil 

ratio 

Recycle gas 

purity 

Combine feed 

ratio 

(tons/day) (Std m3/m3) (mol percent H2) 

Light Vacuum Gas Oil 3000-5000 2000-4000 80-100 1.0-2.0 

Heavy Vacuum Gas Oil 3000-5000 2000-4000 80-100 1.0-2.0 

Short Residue 3000-5000 2000-4000 80-100 1.0-2.0 

The study evaluated the impact of various process variables on the hydrocracking process. 

Key parameters included conversion (percentage of feedstock converted), diesel yield (amount 

of diesel produced), cetane index (measure of diesel quality), and catalyst deactivation (loss of 

catalyst activity over time). This comprehensive analysis aimed to optimize the process, 

potentially improving diesel production and quality while minimizing catalyst degradation. 

4. Simulation Data

In comparing the results obtained from the reference paper by Zhou et al. in Fig.3 [6] with

those of the simulation conducted using Aspen HYSYS, model validation using process 

parameter as Table.1, Table.2 and Table.3 while using catalyst load in HT equal 10% of total 

mass load of HC Catalyst. The reference paper, based on industrial measurements, reported a 

single-pass conversion ratio of 67.48% and a yield of diesel at 26.65%. In contrast, the 

simulation results from Aspen HYSYS indicated a slightly higher single-pass conversion ratio 

of 67.53% and a marginally lower yield of diesel at 26.62%. Calculations of the percentage 

error reveal a 0.074% deviation for the single-pass conversion ratio and a slight 0.113% 

deviation for the yield of diesel. These differences suggest a close alignment between the 

simulation results and the values reported in the reference paper with minor variations. 

Fig.3 Validation results obtained from the reference paper by Zhou et al. 

After the model validation, simulation data was generated for 243 different case studies 

based on process variables from experimental design. The conversion percentage is often 

calculated based on the weight of the feedstock compared to the weight of the products. In 

hydrocracking, the process not only breaks down the heavy hydrocarbons but also adds 

hydrogen molecules to the product molecules. As a result, the weight of the products can exceed 

the weight of the original feedstock, leading to a conversion percentage greater than 100%. 
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Conversion is a measure of the amount of reaction or the amount of work that is 

accomplished in the unit as shown in Eq. 1 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) =
𝐹𝑟𝑒𝑠ℎ 𝑓𝑒𝑒𝑑−𝑈𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑜𝑖𝑙

𝐹𝑟𝑒𝑠ℎ 𝑓𝑒𝑒𝑑
× 100 (Eq. 1) 

Diesel yield can be maximized by optimizing the conversion in stages I and II, the quality 

of recycle feed, and the extent of secondary cracking of diesel.  The exact calculation method 

can vary depending on the specific hydrocracking process and catalysts used. 

The cetane index is a number used to denote the quality of diesel fuel. It is calculated using 

distillation properties of the diesel to infer performance in the engine. The relationship is given 

by the following Eq. 2 

𝐶𝑒𝑡𝑎𝑛𝑒 𝐼𝑛𝑑𝑒𝑥 = 2386.26(𝐷) + 0.1740(𝑇10) + 0.1215(𝑇50) + 0.01850(𝑇90) + 297.42    (Eq. 2) 

Where D is the density at 15°C, T10, T50, and T90 are the temperatures at which 10% , 50% , 

and 90% of the diesel has distilled, respectively. 

Catalyst deactivation is the gradual loss of the catalyst’s activity while maintaining the 

same conversion severity. As the deactivation increases the catalyst temperature has to 

increase in order to obtain a fixed conversion and desired products. In this study, WABT at 

start of run (SOR) is 368.2°C and WABT at end of run (EOR) is 430 °C. 

In Table 5, the p-values from the ANOVA test indicate that the feed rate has a significant 

effect on all response parameters, as the p-values are extremely small. The gas-to oil ratio also 

has a significant effect on conversion, yield diesel, and catalyst deactivation, but not on the 

cetane Index, as its p- value is greater than 0. 05.  The recycle gas H2 purity does not appear to 

have a significant effect on any of the response parameters, as its p- values are 1 or almost 1. 

Both the combine feed ratio and feed quality have significant effects on all response parameters, 

as indicated by their extremely small p-values. For all the responses, the feed quality exerts the 

most significant influence on diesel production, followed by combine feed ratio, feed rate, gas-

to-oil ratio, and recycled gas H2 purity.  

Table 5.  Effect of variables process parameter on p-value of each response parameter 

Source p-value

Conversion Yield Diesel Cetane Index Catalyst 

deactivation 

Feed Rate 1.86E-192 9.74E-26 5.85E-65 2.65E-249 

Gas-to Oil Ratio 1.37E-61 1.12E-26 6.88E-02 2.86E-05 

Recycle Gas H2 

Purity 

9.99E-01 1.00E+00 9.99E-01 1.00E+00 

Combine Feed Ratio 1.02E-223 1.27E-265 6.72E-96 2.53E-67 

Feed Quality 9.19E-278 5.01E-250 1.68E-142 0.00E+00 

5. Optimizing process variables

The analysis leveraged Design- Expert software to construct quadratic equations for 

each feedstock quality ( LVGO, HVGO, SR) .  These equations captured the complex 
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relationships between process variables (feed rate, hydrogen-to-oil ratio, recycle gas purity and 

combine feed ratio) and key performance indicators (conversion, diesel yield, cetane index and 

catalyst degradation) based on a dataset of 243 simulated cases. By analyzing these equations, 

the optimal combination of process variables was identified for each feedstock quality, leading 

to significant improvements in diesel production, quality, and catalyst lifespan as summarized 

in Tables 6 to 9. 

The analysis delved deeper into the relationship between single- pass conversion ratio 

(SPCR) and combine feed ratio (CFR) for each feedstock quality (LVGO, HVGO, SR). SPCR 

reflects the conversion efficiency of the feedstock within a single pass through the reactor, while 

CFR determines the proportion of feedstocks and unconverted oil blended before processing. 

In summary, the single stage with recycled hydrocracking process achieves higher conversion 

rates and diesel yields, and produces diesel of higher quality, compared to the single stage 

hydrocracking process. However, it requires a higher CFR, meaning that more unconverted oil 

needs to be recycled.  The choice between the two processes would depend on the specific 

requirements and constraints of the refinery. 

Table 6. The optimized process variables studied in the single stage with recycled 

hydrocracking process 

Feedstock quality Feed rate Gas-to-oil ratio Recycle gas 

purity 

Combine feed 

ratio 

(tons/day) (Std m3/m3) (mol percent 

H2) 

Light Vacuum Gas Oil 3000 4000 97.8 2.0 

Heavy Vacuum Gas Oil 3000 4000 86.7 2.0 

Short Residue 3000 4000 81.6 2.0 

Table 7. Results of the optimized process variables studied in the single stage with recycled 

hydrocracking process  

Feedstock quality Conversion Diesel yield Cetane 

Index 

Catalyst degradation 

(%) (%) (Remaining days) 

Light Vacuum Gas Oil 108.044 50.2914 61.1861 7095.54 

Heavy Vacuum Gas Oil 104.024 47.7854 60.6598 5343.8 

Short Residue 50.7623 35.4734 59.1779 4442.49 
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Table 8. The optimized process variables studied in the single stage hydrocracking process 

Feedstock quality Feed rate Gas-to-oil ratio Recycle gas 

purity 

Combine 

feed ratio 

(tons/day) (Std m3/m3) (mol percent 

H2) 

Light Vacuum Gas Oil 3000 2000 81.40 1.0 

Heavy Vacuum Gas Oil 3000 4000 84.5 1.0 

Short Residue 3000 4000 99.1 1.0 

Table 9. Results of the optimized process variables studied in the single stage hydrocracking 

process 

Feedstock quality Conversion Diesel yield Cetane 

Index 

Catalyst degradation 

(%) (%) (Remaining days) 

Light Vacuum Gas Oil 73.9181 24.4974 53.0517 7420.7 

Heavy Vacuum Gas Oil 71.0477 23.0137 53.1353 5518.06 

Short Residue 36.6699 23.3128 57.4447 4296.61 
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6. Conclusion

In this work, Aspen HYSYS simulations and data analysis unveil a fascinating conundrum 

in single-stage hydrocracking. While recycle demonstrably boosts conversion and diesel yield, 

it accelerates catalyst degradation.  This trade- off necessitates tailoring process configuration 

based on priority.  Maximum diesel yield favors recycle, aligning with past studies showing 

yield increases. However, prioritizing catalyst life necessitates eschewing recycle due to slower 

deactivation, as evidenced in literature.  Beyond illuminating this crucial choice, this study 

empowers optimization through its comprehensive approach, positioning itself as a valuable 

investment in advancing hydrocracking performance and efficiency. 
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Abstract 

The objective of this study was to know the effects of the molar ratios between ethanol to lactic 

acid on the process that used reactive distillation columns to purify lactic acid obtained from 

the fermentation. Aspen Plus V.10 was used to simulate the process to produce 88 wt. % lactic 

acid. The molar ratios of ethanol to lactic acid were 3:1, 4:1, and 5:1. The simulation results 

showed that if the reboiler duty was the same for all ratios, the purity of lactic acid decreased 

with the increase of the molar ratio. This was because the temperature profiles in the column 

decreased, leading to the lesser extent of the reactions. When the reboiler duty was adjusted to 

generate similar temperature profiles, the purity of lactic acid increased to the specified value. 

When the conversion %, the lactic acid production rate, and the energy utilization were 

considered, the molar ratio of 3:1 provided the highest conversion % and the production rate. 

The reboiler duty of the columns was also the least.

Keywords: Lactic acid; Process simulation; Reactive distillation; Purification 

1. Introduction

Fermentation of biomass such as corn stover can produce lactic acid, which has applications

in many industries, for example, pharmaceuticals, and textiles. It is also used to produce 

polylactic acid, which is a biodegradable polymer. Lactic acid is one of the biochemicals that 

will be produced in the Eastern Economic Corridor (EEC) Thailand [1] as the demand for lactic 

acid is increasing rapidly. 

Even though lactic acid has a wide range of applications, the commercial utilization of the 

lactic acid produced by fermentation is limited due to the expensive downstream processing, 

which costs around 30 to 40 % of the total production cost [2]. The cost of separation and final 

purification stages is estimated to be 50 % of the total production cost [3]. The high affinity 

between lactic acid and water, and the low volatility of lactic acid pose a great challenge to the 

separation and purification. Furthermore, the oligomerization of lactic acid at high temperatures 

is another challenging difficulty. 

Reactive distillation combines chemical reactions and distillation separation in a single 

column, providing many advantages when compared with conventional separation and 

purification methods. Examples of the advantages are the low capital investment and operating 

costs, and an increase in conversion and selectivity. 

A two-step reaction process can be used for the separation and purification of lactic acid 

from fermentation broth by reactive distillation. Lactic acid is first reacted with alcohol to form 

a more volatile ester. The reversible esterification reaction is facilitated by an acid catalyst. The 

reaction of lactic acid with ethanol is shown by the following equation. 
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C3H6O3 + C2H5OH  C5H10O3 + H2O 

The ethyl lactate is subsequently hydrolyzed back into lactic acid and ethanol by the 

hydrolysis reaction. The reaction shown below is also catalyzed by an acid catalyst. 

C5H10O3 + H2O  C3H6O3 + C2H5OH 

The undesirable oligomerization reactions are expressed by the following equations. 

C3H6O3 + C3H6O3  C6H10O5 + H2O 

C6H10O5 + C3H6O3  C9H14O7 + H2O 

The alcohol-to-lactic acid molar ratio is an important parameter in esterification. The 

laboratory experiments showed that the ethyl lactate yield increased with the ethanol/lactic acid 

molar ratio because the excess of ethanol shifts the equation to the right, toward the desired 

product [4]. It was also found that the equilibrium conversion increases with the initial ethanol-

to-lactic acid molar ratio [5]. The conversion increased from 9 % for the molar ratio of 1 to 35 

% when the molar ratio of 6 was used. The effect of lactic acid to methanol molar ratio on the 

recovery of lactic acid in a batch distillation process was studied [6]. The products from the 

esterification column, i.e. methyl lactate and water, were distilled in the hydrolysis column. The 

yield of lactic acid increased as the lactic acid to methanol molar ratio decreased from 1:4 to 

1:2 because the decrease led to a decrease in the unreacted methanol, increasing the boiling 

temperature of the reaction mixture. The higher boiling temperature resulted in the higher 

transfer of methyl lactate in the reboiler of the esterification part to the reboiler of the hydrolysis 

part. As shown from the literature review the the molar ratio of alcohol to lactic acid affected 

the production of lactic acid, the objective of this study was to know the effects of the molar 

ratios between ethanol to lactic acid on the process that used reactive distillation columns to 

purify lactic acid obtained from the fermentation.

2. Method

2.1. Description of Process Units

The process consists of four main units, i.e. the preconcentrator, the esterification 

column, the hydrolysis column, and the ethanol recovery column as shown in Figure 1. The 

feed was the lactic acid solution obtained from the fermentation of corn stover [7]. The molar 

percentages of water, lactic acid, and acetic acid were 96.85, 2.02, and 1.13, respectively. Acetic 

acid was only the impurity in the feed because the concentrations of 5-hydroxymethylfurfural 

(HMF) and furfural were very small. The solution was concentrated by the preconcentrator 

before it was fed into the esterification column. The reduction of water in the solution promoted 

the esterification reaction to produce the products. The feed stage of the preconcentrator was 

stage number 2. The column had a pressure of 0.2 atm. The distillate rate obtained from the 

preconcentrator was 199.83 kmol/h and consisted of 99.11 mol % water. The bottom rate was 

10.17 kmol/h. It consisted of 52.51, 41.70, and 5.79 mol % of water, lactic acid, and acetic acid, 

respectively. This bottom stream was fed into the esterification column. 
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Fig. 1 Process flow sheet of lactic acid separation and purification. 

Lactic acid was converted to ethyl lactate in the esterification column. The pressure of 

the column was 0.2 atm. The feed obtained from the preconcentrator was fed into stage number 

2 of the column at a rate of 10.17 kmol/h. Ethanol fed into the column at stage number 28 was 

the fresh ethanol and the recycled ethanol from the ethanol recovery column. The number of 

total stages was 29. The reactions were specified to occur from stage 3 to stage 27. 

Ethyl lactate was hydrolyzed back to lactic acid and ethanol in the hydrolysis column. 

The pressure of the column was 1 atm. The ethyl lactate solution was fed into stage number 8 

of the column. The total number of stages was 29. The reactions were specified to take place 

from stage 2 to stage 7, and from stage 9 to stage 28. 

The acetic acid column was necessary for the production of lactic acid with a minimum 

purity of 88 wt. %. The column pressure was 1 atm. The bottom stream from the hydrolysis 

column was fed into stage number 5 of the acetic column, which had a total number of stages 

equal to 14. 

The ethanol recovery column consisted of 38 stages, and the pressure was 1 atm. It 

separated ethanol from other impurities and partially supplied ethanol for the esterification 

column. 

2.2. Reaction Kinetics and Phase Equilibria 

The kinetic parameters of the reactions mentioned in the introduction section were from 

Navinchandra, et al. [8]. Although the feed stream included acetic acid as the impurity and 

would result in the presence of ethyl acetate in the esterification column, the esterification of 

acetic acid was excluded. If ethyl acetate were formed in the esterification column, it probably 

would be in the distillate stream as acetic acid did because both compounds had similar boiling 

points. Ethyl acetate would then be converted back to acetic acid in the hydrolysis column, 

which would require the separation from lactic acid by the acetic acid column in the same 

manner employed by this work. The UNIQUAC model was used to account for nonideal vapor-

liquid and vapor-liquid-liquid equilibriums of the systems. The Hayden-O’Conell second virial 

coefficient model was used for the vapor phase nonideality. The fugacity coefficients were 

computed by the Aspen Plus built-in association parameters. The parameters that were not in 

the Aspen database were estimated by UNIFAC. 
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3. Results and Discussion

The temperature profiles in the esterification and hydrolysis columns greatly affected the

reactions. When the molar ratio of ethanol to lactic acid was 3:1, the reboiler duty of the 

esterification column was 405 kW, and the reboiler duty of the hydrolysis column was 290 kW. 

These conditions provided the production of lactic acid with 88 wt. % purity from the process. 

As the molar ratio increased to 4:1, the temperature profiles of the columns changed, leading to 

a decrease in the lactic acid purity. The process simulation failed when the molar ratio increased 

to 5:1. The temperature profiles in the esterification and the hydrolysis columns radically 

changed, leading to the failure of the recovery column. The reboiler duties of the esterification 

and hydrolysis columns must be altered to produce lactic acid with 88 wt. % purity. 

3.1. Esterification column 

Ethyl lactate production rate from the ethanol-to-lactic acid ratio of 4:1 was less than that 

obtained from the 3:1 ratio as shown in Table 1. Lactic acid was converted to dilactic acid to a 

higher extent. 

Table 1. The molar flow rate (kmol/h) of the main products from the esterification column at 

various ethanol-to-lactic acid molar ratios: Reboiler duty of column = 405 kW. 

Component 
Ethanol-to-Lactic Acid Molar Ratio 

3:1 4:1 

Distillate product 

Lactic acid 0.023 0.012 

Ethanol 8.876 14.390 

Ethyl lactate 3.997 2.884 

Water 13.702 12.970 

Dilactic acid 4.386  10–4 0 

Trilactic acid 0 0 

Bottom product 

Dilactic acid 0.043 0.635 

Trilactic acid 0.044 0.024 

This was because the increase in the ethanol flow rate into the column led to a decrease in the 

temperature profile as shown in Fig. 1. The lower conversion of lactic acid to ethyl lactate as 

the ethanol-to-lactic acid molar ratio increased from 2.52 to 9.2 was also experimentally 

observed [9].  To produce ethyl lactate at a similar flow rate obtained from the ethanol-to-lactic 

acid molar ratio of 3:1, the reboiler duty was increased from 405 kW to 434 kW for the 4:1 

ratio, and 460 kW for the 5:1 ratio. Table 2 presents the results after the increase of the reboiler 

duty. The rates of ethyl lactate production at the ratios of 4:1 and 5:1 were comparable to that 

produced from the 3:1 ratio. It was partly because the side reactions occurred to a lesser extent, 

as indicated by the decrease in the molar flow rate of dilactic acid. Nonetheless, the limited side 

reactions because of the more appropriate temperatures may not be only the reason. The 

temperature profiles of the ratios 4:1 and 5:1 after the increase in the reboiler duty were not the 

same as that of the 3:1 ratio as shown in Fig. 2. Another possibility was the excess ethanol in 

the column promoted the forward reaction.
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Fig. 1 Temperature profiles of the esterification column when the ethanol-to-lactic acid molar 

ratios are 3:1 and 4:1: Reboiler duty of column = 405 kW. 

Table 2. The molar flow rate (kmol/h) of the main products from the esterification column at 

various ethanol-to-lactic acid molar ratios: Reboiler duty of column = 434 kW for the 4:1 ratio, 

and 460 kW for the 5:1 ratio. 

Component 
Ethanol-to-Lactic Acid Molar Ratio 

3:1 4:1 5:1 

Distillate product 

Lactic acid 0.023 0.018 0.0143 

Ethanol 8.876 13.458 17.845 

Ethyl lactate 3.997 4.129 4.0635 

Water 13.702 13.170 12.926 

Bottom product 

Dilactic acid 0.043 0.015 0.063 

Trilactic acid 0.044 0.021 0.012 

Fig. 2 Temperature profiles of the esterification column when the ethanol-to-lactic acid molar 

ratios are 3:1 and 4:1: Reboiler duty of column = 405 kW for the 3:1 ratio, 434 kW for the 4:1 

ratio, and 460 kW for the 5:1 ratio. 
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3.2. Hydrolysis Column 

The lactic acid molar flow rate produced from the ethanol-to-lactic acid ratio of 4:1 was 

significantly less than the rate obtained from the 3:1 ratio as shown in Table 3. 

Table 3. The molar flow rate (kmol/h) of the main products from the hydrolysis column at 

various ethanol-to-lactic acid molar ratios: Reboiler duty of column = 290 kW. 

Component 
Ethanol-to-Lactic Acid Molar Ratio 

3:1 4:1 

Distillate product 

Ethanol 12.692 13.032 

Water 6.095 5.338 

Bottom product 

Lactic acid 3.659 1.150 

Ethanol 0.013 2.573 

Ethyl lactate 0.037 1.669 

Water 3.493 6.455 

Acetic acid 0.588 0.588 

Dilactic acid 0.163 0.038 

The unsuitable temperature in the column was probably a reason for the lower conversion 

of ethyl lactate hydrolysis. The temperature profile in the column at the ethanol-to-lactic acid 

ratio of 4:1 was slightly lower than that of the 3:1 ratio as shown in Fig. 3.  

Fig. 3 Temperature profiles of the hydrolysis column when the ethanol-to-lactic acid molar 

ratios are 3:1 and 4:1: Reboiler duty of column = 290 kW. 

The hydrolysis of ethyl lactate was increased as the reboiler duty was increased. For the 

4:1 ratio, the reboiler duty of the hydrolysis column was increased to 350 kW. The reboiler duty 

was increased to 425 kW for the 5:1 ratio. The temperature profiles of both ratios were 

consequently similar to that of the 3:1 ratio. The molar flow rates of lactic acid correspondingly 

increased as shown in Table 4.  
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Fig. 4 Temperature profiles of the hydrolysis column when the ethanol-to-lactic acid molar 

ratios are 3:1 and 4:1: Reboiler duty of column = 290 kW for the 3:1 ratio, 350 kW for the 4:1 

ratio, and 425 kW for the 5:1 ratio. 

Table 4. The molar flow rate (kmol/h) of the main products from the hydrolysis column at 

various ethanol-to-lactic acid molar ratios: Reboiler duty of column = 350 kW for the 4:1 ratio, 

and 425 kW for the 5:1 ratio. 

Component 
Ethanol-to-Lactic Acid Molar Ratio 

3:1 4:1 5:1 

Distillate product 

Ethanol 12.692 16.748 20.600 

Water 6.095 6.851 7.470 

Bottom product 

Lactic acid 3.659 3.202 3.033 

Ethanol 0.013 0.310 0.367 

Ethyl lactate 0.037 0.801 0.943 

Water 3.493 3.062 2.382 

Acetic acid 0.588 0.588 0.588 

Dilactic acid 0.163 0.072 0.051 

Even though the temperature profiles were very similar, the lactic acid production rates 

obtained from the 4:1 and 5:1 ratios were still less than that of the 3:1 ratio. It was very likely 

that the excess ethanol in the hydrolysis column, as evidenced by the significantly higher 

ethanol flow rates in the bottom product streams of the 4:1 and 5:1 ratios, caused the reaction 

to shift backward.  

4. Conclusions

The process simulation of lactic acid purification from the feed containing 96.85, 2.02, and

1.13 molar percentages of water, lactic acid, and acetic acid, respectively, was performed. The 

process consisted of two reactive distillation columns for the esterification and the hydrolysis 

reactions. The objective of the simulation was to learn about the effects of the ethanol-to-lactic 
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acid ratio fed to the process. When compared with the ethanol-to-lactic molar ratio of 3:1, the 

utilization of a higher ratio of 4:1 reduced the temperature in both the esterification and the 

hydrolysis columns. As a consequence, the production of ethyl lactate in the esterification 

column and lactic acid in the hydrolysis column were lower. The increase in the temperature in 

the columns resulted in higher molar flow rates of ethyl lactate in the esterification column, and 

the lactic acid in the hydrolysis column. The excess ethanol in the esterification column was 

probably another reason that helped shift the reaction to the product side. However, the excess 

ethanol in the hydrolysis column led to lower lactic acid production rates due to the backward 

shifting of the reaction.  
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Abstract 

This study aims to evaluate the economic feasibility using subcritical dimethyl ether 

(SUBDME) and supercritical carbon dioxide (SC-CO2) as alternative solvents to replace the 

conventional toxic solvent hexane of extraction rice bran oil (RBO). Large-scale RBO 

extraction processes were simulated in Aspen Plus through semi-batch operations, with 

extraction conditions obtained from published literature. The simulation results, including mass 

balances, energy consumptions, and equipment costs, were further analyzed to assess economic 

feasibility. Techno-economic analysis revealed that SUBDME and hexane extraction processes 

were the most economical compared to SC-CO2. Raw material and utility prices were identified 

as the most impactful variables on the cost of manufacturing (COM), making SC-CO2 

extraction less profitable overall. Profitability analysis indicated that SUBDME could compete 

favorably with commercial RBO extraction by hexane with the NPV of 182.2x106 US$ and the 

payback period of 3.49 years.  

Keywords: Rice bran oil; Subcritical DME extraction; Simulation; Techno-economic analysis 

1. Introduction

Rice bran oil (RBO) is obtained from rice bran (RB), a by-product generated during the 

rice milling process, whose varies between 10% and 22% by weight of RB [1]. Scientific 

reports indicated that RBO offers several health benefits as it contains plentiful natural 

antioxidants including -oryzanol, tocopherols, tocotrienols, and phytosterols [2]. 

Exhibiting reduction in low-density lipoprotein (LDL) cholesterol levels, prevention of 

cardiovascular disease, and anti-inflammatory effects [3], RBO is widely used as nutritional 

supplements and in medicinal and cosmetic applications [4]. In RBO, Oleic acid, a 

monounsaturated fatty acid (MUFA), constitutes 38.4% to 42.3%. Polyunsaturated fatty 

acid (PUFA) constitutes 33.1% to 37.0% linoleic acid, and a small amount of linolenic acid, 

approximately 0.5% to 2.2%. Palmitic acid is the main saturated fatty acid (SFA) 

component in RBO, ranging from 17.0% to 21.5%, while stearic and myristic acids are 

minor SFAs, containing 1.0% to 3.0% and 0.4% to 1.0%, respectively [5].  

Extraction of RBO is carried out with an organic solvent, typically hexane. However, 

hexane is widely known for its high toxicity, environmental impact and human health issues 

[6]. To reduce the risk of toxicity to the environment and human health, non-conventional 
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extraction solvents and methods have been proposed. Supercritical carbon dioxide (SC-

CO2) extraction has been considered a renewable green technology, by adjusting above 

critical temperature of 31 ˚C and critical pressure of 73.8 bar. In the wide range above 

critical conditions, CO2 can modify its density and solvent power for the extraction of RBO. 

Additionally, removal CO2 from the extracted oil is easily achieved by reverting CO2 to a 

gaseous form, via depressurization to atmospheric conditions [7]. Recently, researchers 

have investigated another extraction technique known as subcritical dimethyl ether 

(SUBDME). DME can be readily turned into liquid phase under pressure of 5.9 bar at room 

temperature [8], which is lower than the operating condition of SC-CO2, possibly reduce 

the energy consumption. This has a potential opportunity to reduce the energy consumption 

for RBO extraction process, which could lower and optimize the production cost of RBO 

manufacturing, all while maintaining its status as an environmentally friendly technology. 

In this work aims to evaluate the economic feasibility of alternative RBO extraction 

techniques, specifically DME extraction method, in comparison to traditional organic 

solvent extraction and SC-CO2 extraction. Aspen plus V11 software was employed to 

simulate the flow processes in a commercial production scale at extraction conditions 

obtained from lab-scale experiments in literatures, and the energy consumptions and 

economic assessments for various processes were then analyzed. 

2. Materials and Methods

2.1 Rice bran component estimation 

In this work, the physical properties of non-conventional component of RB are required 

to estimate thermodynamic properties by Aspen plus which include the density and specific 

heat capacity whose values of 1.38 g/cm3 [9] and 0.41 BTU/lbmºF [10], respectively. The 

typical composition of RB was sourced from published literature [11]. In RB, moisture and 

lipids content were selected as main components, constituting 9.26 wt.% and 22.2 wt.%, 

respectively. The -oryzanol, representing 12,510 mg per kgRB, were manually added the 

molecule structure, which was imported from NCBI databank and physicochemical 

properties were predicted by Aspen Plus.  

2.2 Process modelling and simulation 

The quantity of RB feed stream was based on the RBO production of Thai Edible Oil 

Co. Ltd, with the maximum feed loading capacity of 200,000 tons/year. The solvent to feed 

ratios for different extraction processes were taken from selected literatures, as summarized 

in Table 1 along with information regarding process conditions and extraction yields. The 

UNIF-LL thermodynamic model was employed for SUBDME extraction, as it is typically 

applied in liquid-liquid equilibrium at pressures lower than 10 bar. For SC-CO2 extraction, 

which CO2 exists at supercritical condition above critical pressure of 73.8 bar, the RK-

ASPEN model was generally employed to handle mixtures of hydrocarbons and light gases 

(such as CO2) at high pressures [12]. For hexane extraction, NRTL model was used, which 

handles combination of polar and non-polar compounds, particularly when they are farther 

away from their critical conditions. Solvents and make-up solvents of each extraction 

process are transported as liquid phase and stored in a storage vessel. For all extraction 

processes, solvents were recycled, with a loss assumed as 2% of the total solvent per 
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extraction cycle. Crude product is stored at 30 ˚C as a crude RBO product, in which the 

maximum allowable solvent contamination is 1.5 wt.% of the extracted product [13]. Pumps 

and compressors were assumed to have an isentropic efficiency of 80% [14]. Semi-

continuous operation was assumed employing multiple extraction vessels, to make 

approximate the continuous RBO production on industrial scale. Each extraction undergoes 

three operational steps: loading of RB, batch RBO extraction, and unloading of defatted and 

product. Loading and unloading times are 30 minutes for SC-CO2 and SUBDME extraction 

while for organic solvent extraction, loading and unloading takes 15 minutes [14]. 

Table 1 Extraction conditions based on selected literatures and laboratory results. 

Extraction 

technique 

Press-

ure 

(bar) 

Tempe-

rature 

(˚C) 

Extraction 

time (min) 

Solvent to 

RB 

RBO 

yield 

(%) 

Oryzanol 

recovery 
Ref. 

SUBDME 7 30 10 6.53 g:1 gRB 20.2 91 % This work 

SC-CO2 300 40 240 70 g:1 gRB 17.6 89 % [15] 

Hexane - 40 90 3.27 g:1 gRB 19.78 18.53 g/kgCRBO [16] 

2.2.1 SUBDME extraction 

The process flow diagram for RBO extraction with subcritical DME is shown in 

Fig. 1. Initially, liquid DME (6 bar, 25 ˚C) solvent is adjusted to the extraction conditions 

of 6 barg and 30 ˚C using a pressure pump (PUMP) and a heater (HX1). To extract RBO, 

the solvent and RB are then fed into extraction vessels (EXT) at a mass ratio of 6.53 gsolvent:1 

gRB. After reaching an extraction time of 10 minutes for each cycle (total of 31,680 cycles 

per year), the solid residue is discharged at the bottom of EXT. The oil-solvent mixture is 

depressurized and heated through a back pressure regulator valve (VALVE1) and a heater 

(HX2) to isolate the solvent from the crude product stream. The solvent separation occurs 

at a flash separator vessel (SEP1). The crude product flows to a flow regulator valve 

(VALVE2) to reduce the pressure to atmospheric pressure, while heat supplied at the heater 

(HX3) to evaporate the residual DME. Crude product is separated at a flash separator vessel 

(SEP2). DME is recompressed and then cooled by a compressor (CP) and a cooler (HX4). 

The stream (RC-4) is then mixed with recycle stream (RC-1) from SEP1, and the stream 

exiting the mixer (MIXER2) was then passed to a cooler (HX5) where it is cooled to the 

initial liquid DME stage. Finally, the extracted oil is cooled by a cooler (HX6) as a crude 

RBO product. 

Fig. 1 Process flow diagram of RBO extraction by DME extraction technique 

2.2.2 SC-CO2 extraction 

110



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024

As shown in the process flow diagram for SC-CO2 extraction of RBO in Fig. 2, 

liquid CO2 (45 bar, 9 ˚C)is compressed to the desired working pressure and is heated to 

supercritical conditions of 300 bar at 40 ˚C [15] using a high-pressure pump (PUMP) and a 

heater (HX1). The SC-CO2 and RB are then fed into extractor vessels (EXT) at a mass ratio 

of 70 gsolvent:1 gRB [15]. Once the extraction time of 240 minutes is reached [15], 

corresponding to approximately 7,920 cycles per year, solid is discharged at the bottom of 

EXT while the mixture of oil and solvent is depressurized through a back pressure regulator 

valve (VALVE1) to 45 bar and is heated (HX1) to evaporate CO2 before it is fed into a flash 

separator vessel (SEP1) to isolate CO2 from the product. The crude product is sent to a flow 

regulator valve (VALVE2) to reduce pressure to atmospheric stage which residue of CO2 

is evaporated and isolated at a flash separator vessel (SEP2). Subsequently, the pressure and 

temperature of CO2 are adjusted to the initial stage by a compressor (CP) and a cooler (HX3) 

prior to being recycled to the process. Finally, the extracted oil is cooled by a cooler (HX5) 

and stored as a crude RBO product. 

Fig. 2 Process flow diagram of RBO extraction by SC-CO2 extraction technique 

2.2.3 Organic solvent extraction 

The process flow diagram for organic solvent extraction is illustrated in Fig. 3. 

The hexane, stored at 25 C and 0.1 bar, is heated to extraction conditions at 40 ̊ C [16] using 

a heater (HX1) then the solvent and RB are fed to extractor vessels (EXT) at a mass ratio 

of 3.27 gsolvent:1 gRB [16]. After reached the extraction time of 90 minutes [16], which can 

operate 15,840 cycles per year, solid is discharged at the bottom of EXT. On the other hand, 

the mixture of oil and solvent is heated by a heater (HX2) then sent to a flash separator 

vessel (SEP) to isolate the solvent from crude extract. The solvent (160 ˚C) is cooled to the 

initial stages (25 ˚C and 0.1 bar) by a cooler (HX3). Finally, the extracted oil is cooled by a 

cooler (HX4) and stored as a crude RBO product. 

Fig. 3 Process flow diagram of RBO extraction by organic solvent extraction technique 
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2.3 Economic assessment 

In this study, the plant is designed to operate 330 working days per year or 7,920 h/year. 

Economic performance will be evaluated based on the Fixed Capital Investment cost (FCI) 

and the Cost of Manufacturing (COM), e.g. cost of raw material (CRM), cost of utility (CUT), 

and labor cost (COL). The ATEX (Atmosphere Explosible) factor for DME and hexane 

extraction was two times the base cost of the equipment due to the requirement of special 

precautions such as the use of explosion proof equipment. The parameters used in the 

assessment of the economic profitability include Net Present Value (NPV) over 20 years of 

plant life with the discount rate of 5 percent per year [17], Profitability Index (PI), Internal 

Rate of Return (IRR) and Payback Period (PB). The input prices of raw material, solvents, 

products, and utilities, summarized in Table 2, were from Alibaba and Turton et al. (2018). 

Table 2 Raw material streams, product and the cost of utilities 

Stream / Utility Value Cost per unit Ref. 

Rice bran 150 US$/ton [18] 

Liquid dimethyl ether 652 US$/ton [19] 

Liquid carbon dioxide 220 US$/ton [20] 

Hexane 1,040 US$/ton [21] 

Crude rice bran oil 1,806.6 US$/ton [13] 

Cooling water 0.378 US$/GJ [17] 

Chilled water 4.77 US$/GJ [17] 

Low pressure steam 2.03 US$/GJ [17] 

Medium pressure steam 2.78 US$/GJ [17] 

Electricity 0.074 US$/kWh [17] 

3. Results and Discussion

3.1 The simulated results of RBO extraction processes by Aspen plus 

According to the calculations performed using Aspen Plus, Table 3 presents the 

conditions and mass flows of the main process streams. For the raw material and solvent 

loadings, SC-CO2 extraction exhibited the highest mass flow of solvent and RB due to the 

fewer extraction cycles per year, resulting from the long extraction time compared to the 

SUBDME and hexane extractions. The final product stream boasted a total purity of product 

(RBO and -oryzanol) in mass percentage of 98.6% (SUBDME), 99.85% (SC-CO2) and 

98.52% (Hexane). SC-CO2 provided the highest purity as most of the CO2 was readily 

isolated from the extracted material and recovered in the recycle stream, whereas DME 

required heating to isolate solvent, however with a milder temperature of around 60 ˚C, 

compared to hexane removal, which necessitated approximately 160 ˚C according to the 

simulation. 

Table 3 Mass balance and operating conditions of RBO extraction. 

Stream 
SUBDME SC-CO2 Hexane 

DME-4 RB PROD CO2-4 RB PROD HEX-4 RB PROD 

Temp.(˚C) 30 25 30 40 25 30 40 25 30 

Pressure(bar) 7 1 1 300 1 1 1 1 1 
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Mass flow 

(kg/batch) 
41,252 6,313.1 1,366.7 1.77x106 25,252.5 4,732.7 82,772.7 12,626.3 2,582.0 

Solvent(wt.%) 99.93 - 1.40 99.99 - 0.15 99.88 - 1.48

Water(wt.%) 0.07 9.62 - 0.01 9.62 - 0.12 9.62 -

Oil(wt.%) - 22.2 93.34 - 22.20 93.91 - 22.2 96.73

-oryzanol 

(wt.%) 
- 1.25 5.26 - 1.25 5.94 - 1.25 1.79

Solid(wt.%) - 66.93 - - 66.93 - - 66.93 - 

3.2 Economic assessment 

Total FCI and COM are illustrated in Table 4. Total FCI for the SUBDME, SC-CO2 and 

hexane extractions were 6.34x106, 33.72x106 and 3.36x106 US$, respectively. The 

SUBDME and SC-CO2 processes incurred higher equipment costs than hexane due to the 

need for a compressor to recompress the solvent to its initial feeding conditions at high 

pressure. The major difference occurred in SC-CO2 extraction, primarily because of the 

larger size of equipment needed to support the very high quantity of raw material and 

solvent loading.  

Regarding COM, CRM was directly related to the amount of RB and solvent that had to 

fed to the process, results in the SUBDME and hexane extractions providing lower CRM of 

47.4x106 US$/year and 44.2x106 US$/year, respectively, while SC-CO2 process provided 

the highest CRM of 91.6x106 US$/year. CUT was increasingly spent on a high-pressure 

technology of SC-CO2 process, amounting to 35.4x106 US$/year. This is due to the 

relatively high energy consumption needed to generate supercritical conditions of CO2, and 

cooling utilities were required in large quantities to reduce the temperature of the recovered 

solvent to the initial feeding stage at low temperature of 9 ˚C. In contrast, the mild 

conditions of SUBDME and hexane processes utilized lower energy to reach the extraction 

conditions and provided a low CUT of 1.5x106 US$/year and 1.3x106 US$/year, respectively. 

The money invested to produce 1 kg of extracted product was evaluated, which was 

found that SUBDME and hexane processes yielded similar values of 1.44 US$kg-1
product and 

1.43 US$kg-1
product due to the high extraction yields and low manufacturing costs, while SC-

CO2 extraction provided the highest value of 4.36 US$kg-1
product due to lower extraction 

yield and very high manufacturing costs associated with extracting RBO. 

Table 4 Comparison of direct cost estimates for each of the three RBO extraction processes 

Cost Unit SUBDME SC-CO2 Hexane 
Fixed Capital (FCI) US$ 6,341,400 33,720,700 3,358,000 

Raw Materials (CRM) US$/year 47,426,479 91,612,336 44,249,381 

Utilities (CUT) US$/year 1,517,369 35,411,932 1,314,495 

Labor (COL) US$/year 357,143 357,143 357,143 

Cost of Manufacturing (COM) US$/year 62,317,385 163,284,575 57,685,288 

Product sale US$/year 78,222,099 67,716,536 72,793,418 

Unit Cost of Manufacturing US$/kgproduct 1.44 4.36 1.43 

3.3 Feasibility analysis 
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The cumulative cash flow estimation is illustrated in Fig. 4, represents the construction 

stages of the industrial plant, concluding within two years. SUBDME and hexane extraction 

processes emerged as the most economically feasible cases. The estimated PB to recover 

the initial investment were reached in 3.49 and 3.45 years, respectively after the initial 

investments were made. Additionally, the NPV after 20 operating years amounted to 

182.2x106 US$ and 173.2x106 US$ with IRR 31.86% and 33.10%, for SUBDME and 

hexane extraction, respectively. These metrics suggest that these processes are profitable 

and desirable. Moreover, the PI was higher than 1, indicating that these processes are worth 

investing in. Conversely, SC-CO2 was not yield a profit as the COM exceeded the revenue 

from product sales. The NPV was -1,288.9x106 US$ and PI was -6.298, signaling that this 

process is not worth investing in.  

Fig. 4 Cumulative cash flow over project life of RBO extraction processes. 

4. Conclusions

SUBDME extraction presents a promising alternative for RBO extraction, offering

economic advantages due to higher productivities and greater environmental friendliness, 

compared to the current commercial RBO extraction using hexane. This is evidenced by 

comparable NPV, IRR, and Pl values, indicating no significant differences. On the other hand, 

RBO extraction by SC-CO2 was shown to be the least RBO extraction process on a commercial 

scale, being extremely energy-intensive and costly, with the highest COM stemming from 

utility and solvent costs. 
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Abstract 

Marigold flower extract is known to be the richest source of lutein, which has numerous 

applications in the food, pharmaceutical, cosmetic, and health sectors. After extraction, lutein 

naturally contained in marigold oleoresin in ester forms needs to be converted to free lutein by 

reacting with an alkali solution (e.g., KOH). Recently extractions with liquefied dimethyl ether 

(DME) have been shown to be effective and could potentially replace use of organic solvent 

for extraction of marigold flowers. The possibility for simultaneous DME extraction and de-

esterification has also been demonstrated, requiring fewer process steps, and thus improve the 

process efficiency. 

This study utilized Aspen Plus V.11 software to model a free lutein manufacturing 

process from marigold flowers, with an annual input marigold flower of 2,000 tons per year. 

Techno-economic and economic assessments were conducted for both the two-step extraction 

and simultaneous extraction/de-esterification processes. The analysis included estimation of 

energy and utility consumption, as well as capital expenditure (CAPEX) and operating 

expenditure (OPEX). Results indicated that the simultaneous extraction process was more 

technically and economically efficient for lutein extraction, yielding free lutein content of 86.16 

wt% in the final product. From 100 g of D_MG, the simultaneous process produced 32.28 g of 

free lutein-rich product, costing 3.09 USD/kg produced. In the total of CAPEX, the 

simultaneous process incurred costs of 1.9 M$/year, while the total of OPEX for the 

simultaneous process amounted to 93 M$/year. 

Keywords: Marigold flowers; Lutein; Liquefied dimethyl ether; Techno-economic analysis 

1. Introduction

Lutein (C40H56O2) is a dihydroxy carotenoid compound, has surged in popularity in recent

years for its use as nutritional supplements to prevent age-related macular degeneration. 

Moreover, lutein has been shown to exhibit anti-glycemic and antioxidant activities, the 

functional properties that make it an appealing ingredient for incorporation into various 

products across different industries, including pharmaceuticals and dietary supplements [1]. 

Lutein comprises approximately 60-70% of total xanthophylls (or oxygenated carotenoids) in 

marigold (Tagetes erecta) flowers, the richest and purest source of natural lutein [2]. In the 

flowers, lutein is chemically bound to various fatty acids, primarily lutein fatty acid diesters. 

Through the process of de-esterification of the flower extract (oleoresin), these primary lutein 

fatty acid esters are transformed into free lutein. The global market for lutein extracted from 

marigold flowers is projected to reach US$ 225 million by 2027, with a compound annual 

growth rate (CAGR) of around 5% [3]. 
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Traditionally, natural carotenoids are extracted using organic solvents such as hexane, 

isopropanol, and methylene chloride. Of these, hexane is favored for its low polarity, stability, 

and ease of removal via evaporation due to low boiling point and heat of vaporization. However, 

use of hexane poses environmental concerns owing to their flammability, volatility, toxicity, 

and reliance on non-renewable resources. As regulations such as European Directives and 

REACH have tightened control over petrochemical solvents like hexane [4], industries are 

compelled to adopt eco-friendly extraction techniques utilizing green solvents derived from 

biomass or eco-friendly petrochemicals that are non-toxic and biodegradable. DME, the 

simplest form of ether, possesses distinctive characteristics such as a remarkably low boiling 

point of -24.8°C. In its liquefied state, DME can be utilized as an extraction solvent, while at 

room temperature, DME does not persist in the extracted materials. The absence of biological 

toxicity in DME has sparked significant interest in its potential as an environmentally friendly 

solvent for food production. In a prior study, we demonstrated DME's effectiveness in 

extracting lutein esters from marigold flowers. In this same study, a simultaneous DME 

extraction and de-esterification was also proposed to effectively produce free lutein, rich 

product, eliminating multiple operations compared with a two-step process, where DME 

extraction was subsequently followed by esterification [5].  

This study aims to conduct techno-economic analysis of free lutein production using 

liquefied DME as extraction solvent. Two extraction options were simulated: sequential and 

simultaneous extraction/de-esterification processes. From the simulated results, energy and 

utilities consumption, alongside equipment design were determined to estimate Operating 

Expense (OPEX) and Capital Expenditure (CAPEX) for the two options. The cost-effectiveness 

for the integrated single-step process over the multiple sequential steps is evaluated, and the 

technological challenges in free lutein production are highlighted. 

2. Material and Methodology

2.1 Process modeling and simulation

Marigold (T.erecta) planting information report in Thailand indicates a production of 

approximately 28,904 tons per year [6]. In this study, each process option was evaluated based 

on the process design to handle 2,000 tons per year of dried marigold flower powder. The Aspen 

Plus process simulator was utilized to simulate the lutein extraction processes. According to the 

composition of dried marigold flowers summarized in Table 1, the total carotenoids comprise 

approximately 68% w/w of the total extract, with zeaxanthin and 𝛽-carotene constituting 10% 

of the total carotenoids. As lutein di-palmitate was used as the model lutein ester in the 

simulation as it has been shown to be the main lutein ester component (ca. 50% w/w) [7]. Other 

components including the insoluble components, constituting 47.61% of the marigold flower 

were defined as a set of non-conventional components. 

Table 1. General composition of marigold flower [7] 

Components Composition (wt.%) 

Moisture  3.98 

Lutein  8.19 

Lutein ester  34.97 

Zeaxanthin  3.77 

𝛽-carotene  1.48 

Other 18.36 

Insoluble compound 29.25 
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2.2 Process simulation 

      The dried marigold extraction process closely follows the experimental and simulation 

procedures proposed by Boonnou et al. (2017) [8], whose process specifications are 

summarized in Table 2. The simulations are based on the processes operated 24 h/day for 330 

days per year or 7,920 h/year, assuming semi-continuous operations with multi-extractor 

vessels to mimic industrial-scale production. The SOLID activity coefficient model was 

employed to simulate phase equilibrium for the solid-solvent system for the conversion of lutein 

esters to free lutein via de-esterification. As free lutein, lutein esters, and zeaxanthin 

components listed in Table 1 are not currently in the simulator's database, it is essential to 

import the .mol files of these molecules into the software. The .mol file provides a graphic-

functional representation of the molecules, allowing for the estimation of their physical and 

chemical properties through a group contribution method. Since some chemical-physical 

features require predictive estimates, UNIFAC was used for evaluation.  

Table 2.  Process conditions and specifications 

Extraction 

technique 
Condition* 

 Amount 

of free 

lutein 

Material flows associated for 

simulation 

Sequential 

process 

DME extraction; DME to dried 

marigold ratio 33:0.5, 35 ℃, 

400 rpm, 30min.  

De-esterification; ethanol to 

oleoresin ratio 4:0.2, 2.5% 

KOH, 35 ℃, 150 rpm, 240 min 

16.72 mg 

free lutein/ g 

dried 

marigold 

Only liquified DME extraction: 

Nextraction 5,940 Cycles per year 

Feed dried marigold 336.7 kg/batch 

Feed DME 22,223 kg/batch 

Sequential process: 

Nextraction 3,751 Cycles per year 

Feed dried marigold 533.11 kg/batch 

Feed DME 35,185.19 kg/batch 

Feed solventKOH-EtOH 5,369.97 kg/batch 

Simultaneous 

process 

DME to dried marigold ratio 

33:0.5, ethanol to dried 

marigold ratio 10:0.5, 5% KOH, 

35 ℃, 400 rpm and 60 min 

20.71 mg 

free lutein/ g 

dried 

marigold 

Nextraction 4,320 Cycles per year 

Feed dried marigold 115.74 kg/batch 

Feed DME 7,638.89 kg/batch 

Feed solventKOH-EtOH 6,443.96 kg/batch 

*based on experimental study by Boonuan et al. (2017) [8]

2.2.1 Sequential extraction process 

     The sequential extraction process begins with liquefied DME extraction. The process was 

simulated based on 2,000 ton of dried marigold flower feed per year. The diagram in Fig. 1 

illustrates the process flow and the unit operations involved, including a pumping (PUMP) and 

heating system (HX) to generate liquefied DME, extractors (EXTRACT), and a separation 

system (SEP and VALVE), and compressors for DME recycling. Pump and compressors 

(Isentropic type) were assumed to have an efficiency of 80%. Initially, DME from a storage 

tank (5.3 bars at 20°C) is pressurized to 7 bars and then heated it to 37°C in HX-1 before being 

loaded into the extractors (EXTRACT), preloaded with dried marigold powder at a solvent to 

feed mass ratio of 33g: 0.5gMG [8]. The exiting stream from the extractors is then directed to a 

separator for the separation of extracted oleoresin and DME that is to be recycled. It is assumed 

that the solvent undergoes a loss of 2% of the total solvent per extraction cycle. The oleoresin 

is stored in a tank before being sent to the de-esterification process to convert lutein esters into 

free lutein.  
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Fig. 1 Process flow diagram of the sequential process 

Following liquefied DME extraction, de-esterification process necessitates the conversion 

of lutein esters in the crude oleoresin to free lutein. The flow diagram for this process is shown 

in Fig. 1. Crude lutein ester was mixed with KOH-EtOH in the MIXER-1. De-esterification 

was carried out in the SAPON-R unit (at 35 °C, 1 bar) thereby converting the lutein ester into 

free lutein and soaps (resulted from saponification of free fatty acids). Figure 2. as shown the 

de-esterification process. The lutein fatty acid esters consist of R1 and R2 function are 

converted to free lutein and by-product is fatty acid salt (soap). This reaction product stream 

was then heated to 75 °C using a heat exchanger (HX-2) before flowing it to the vacuum flash 

(V-FLASH) unit. The vacuum flash unit separated the more volatile component (ethanol) of 

the feed to vapor phase. The liquid stream from the V-FLASH unit was sent to the acidification 

unit, ACIDIF-R, where the de-esterified product was neutralized by acidification using HCl. 

This leads to the formation of two distinct layers: a top free lutein-rich layer and the bottom 

layer containing aqueous solution of inorganic salts. After separation, the free lutein product 

was stored on an ice bath at 4 °C. Each cycle of this sequential process involves 30 minutes for 

extraction, 240 minutes for de-esterification, and an additional 60 minutes for the preparation, 

loading, and unloading of the feed raw material. 

Fig. 2 De-esterification of lutein fatty acid esters 

2.2.2 Simultaneous DME extraction and de-esterification 

        In a simultaneous process, both DME extraction and de-esterification of lutein esters take 

place in a single unit. Since exact unit operation is not available in ASPEN plus software, the 

process is instead represented in the simulator as two separate units: a reactor (SAPONR, where 

the mixture of marigold flower powder, DME as extractant solvent, and KOH-EtOH solution 

at 3.27g DME:0.5 gMG:10g KOH-EtOH solution (5% KOH) from MIX-1 unit is fed) and a 

decanter (where DME and the extract are separated), as shown in the process flow diagram in 

Fig. 3. Each cycle for this simultaneous process takes 60 min for extraction/de-esterification, 

with additional 60 min for preparation, loading and unloading of the feed raw material. 

Liquified DME extraction 

De-esterification process 
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Separation of residue solid and acidification then took place in a similar manner as described 

in the previous sections.  

Fig. 3 Process flow diagram of the simultaneous process 

2.3 Economic assessment 

      Table 3 summarizes the unit costs of dried marigold flower powder, solvents and 

chemicals, utilities, as well as the product prices for lutein esters and free lutein, needed for 

the process cost estimation.  The economic assessment of the sequential and the simultaneous 

processes of the free lutein production was carried out, covering the determination of the 

capital investment (CAPEX) and operating costs (OPEX) over 20 years of plant life.  

Table 3. Cost involved in the economic assessment. 

Category Material Cost Units Ref. 

Raw materials Dried marigold flower  32.42 US$/kg [9] 

Solvents Liquified dimethyl ether 

Ethanol 

KOH 

HCl 

652 

683 

850 

156 

US$/ton 

US$/ton 

US$/ton 

US$/ton 

[10] 

[10] 

[10] 

[10] 

Utilities Cooling water 

Chilled water 

Low pressure steam 

Electricity 

0.378 

4.77 

2.03 

0.074 

US$/GJ 

US$/GJ 

US$/GJ 

US$/kWh 

[11] 

[11] 

[11] 

[11] 

Product Crude lutein ester 

Free lutein extraction 

280 

357.15 

US$/kg 

US$/kg 

[12] 

[12] 

3. Results and Discussion

3.1 Aspen plus simulation of free lutein extraction processes

      Table 4 summarizes the results from ASPEN-plus mass balance simulation for sequential 

and simultaneous processes. For initial liquified DME extraction process, the results revealed 

that 76.10 wt% the flower the obtained extract was lutein esters and 17.82 wt% was free lutein. 

Further processing of the lutein ester through de-esterification increased the content of free 

lutein to 80.91 wt%, leaving 11.09 wt% of lutein esters unconverted. 

       Interestingly, despite the longer residence time needed for de-esterification in the 

sequential process, the combined volume of both reactor vessels in the two-step process was 

smaller than that of the reactor required in the single-step simultaneous process. Conversely, 

simultaneous process showed higher content of free lutein at 86.16 wt%, with 4.59% of lutein 

ester remaining unconverted. Despite achieving the desired product quality, the simultaneous 

process required more solvent compared to the sequential process as it required 1.2 times the 

amount of KOH-EtOH solution. Nonetheless, the simultaneous process maintained a solvent 

recovery rate of 98.54%, and it requires less DME feed volume and shorter extraction cycle 
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times all together. Out of 100 g of D-MG, 32.28 g of lutein rich product was obtained from 

simultaneous process, whereas only 19.51 g was obtained from the sequential process, a 1.6-

fold improvement in the product yield.  

Table 4. Aspen-plus mass balance results for sequential and simultaneous lutein extraction 

processes. 

Sequential process Simultaneous 

Process 

Stream 

Subcritical DME De-esterification 

In 

DMG 

In 

DME 

Out 

Product 

In 

KOH-

EtOH 

Out 

Product 

In 

DMG 

In 

DME 

In 

KOH-

EtOH 

Out 

Product 

Temp.(˚C) 30 19.58 35 25 4 30 19.58 25 4 

Pressure(bar) 1 5.3 1 1 1 1 5.3 1 1 

Mass flow 

(kg/batch) 
533 35,185 186 5,370 104 116 7,639 6,444 37.45 

Composition (wt.%) 

Water 3.98 0.07 0.03 - 0.71 3.98 0.07 - 0.80 

DME - 99.93 1.03 0.05 0.87 - 99.93 0.05 1.46 

KOH-EtOH - - - 99.95 1.56 - - 99.95 1.87 

Free lutein 8.19 - 17.82 - 80.91 8.19 - - 86.16 

Lutein ester 34.97 - 76.10 - 11.09 34.97 - 4.59 

Zeaxanthin 3.77 - 3.61 - 3.47 3.77 - - 3.72 

𝛽-carotene 1.48 - 1.41 - 1.39 1.48 - 1.40 

Solid 47.61 - - - - 47.61 - - - 

3.2 Economic assessment 

      The economic assessment results for the sequential and simultaneous processes are shown 

in Table 5. For each process, the total CAPEX was calculated from the sum of the costs of the 

main equipment and corresponding installation costs, estimated following the Association for 

the Advancement of Cost engineering (AACE) guidelines [13].  As seen from the estimation, 

the total CAPEX of the sequential process (2.3 M$/year) was higher than that of the 

simultaneous process (1.9 M$/year), as the former process required additional equipment, thus 

the total equipment cost and the capital cost are higher. On the other hand, the estimate for the 

total OPEX were comparable, amounting to 94.3 M$/year for the sequential process, which is 

only slightly higher than that of the simultaneous process (93 M$/year). 

       Moreover, the comparison other cost metrics (defined and presented in Table 5) reveals 

that the FCI) and TCI associated with the sequential process exceed those of the simultaneous 

process due to prolonged extraction time in the sequential process (1.5 hr. for extraction, plus 

4 hr. of de-esterification), leading to smaller number of batches per year and consequently, a 

smaller amount of extract mass obtained per unit time. The contribution of the four components: 

CRM, FCI, COL, and CUT to COM followed the order of CRM > FCI > COL > CUT for both 

evaluated processes. Notably, the significant contribution from CRM was expected due to the 

considerable cost of marigold flower raw material (US$ 32.42/kg). Despite utilities being a 

function of the amount of raw material processed per batch, the contribution of CUT saw only 

a marginal increase with scale-up, mainly due to more significant variations in the contributions 

of other components, as indicated in Table 5. 
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Table 5. Economic assessment of lutein extraction. 

Economic evaluation 
Sequential 

process 

Simultaneous 

Process 

Raw material purchase cost (USD/kgD_MG) 4.52 
 (3.99) 

3.10 

CAPEX 

Total equipment cost (USD) 1,945,480 
(1,361,600) 

1,625,680 

Capital cost (USD/year) 183,659 
(128,539) 

153,469 

OPEX  

Raw Materials (CRM) (USD/year) 79,065,711 
(73,667,479) 

78,649,346 

Utilities (CUT) (USD/year) 214,262 
(23,994) 

186,587 

Labor (COL) (USD/year) 369,458 
(357,143) 

369,458 

Direct Supervision and clerical labor 

(USD/year) 
36,946 
(35,714) 

17,110 

Laboratory charges (USD/year) 36,946 
(35,714) 

17,110 

Maintenance and repair (USD/year) 45,776 
(32,038) 

38,251 

Operating supplies (USD/year) 4,578 
(3,204) 

3,825 

Plant overhead cost (USD/year) 226,090 
(212,447) 

113,231 

Interest (USD/year) 114,440 
(80,094) 

95,628 

Local taxes (USD/year)  91,552 
(64,075) 

76,503 

Insurance (USD/year)  22,888 
(16,019) 

19,126 

Total OPEX (M$/year) 94.3 
(87.7) 

93.3 

Total CAPEX (M$/year) 2.3 
(1.6) 

1.9 

Fixed Capital (FCI)* (US$) 7,729,880 
(4,909,000) 

3,574,880 

Total capital investment (TCI) 9,662,350 
(6,136,250) 

4,468,600 

Operating costs (COM) (M$/year) 99.7 
(92.5) 

97.6 

Product sale (M$/year) 22.1 
(23.14) 

31.5 

*FCI is the cost required for the installation of the unit operation, consisting of direct costs and indirect costs. Direct costs

include the costs of purchasing and installing the equipment, cost of electrical system, instrumentation, building and service

facilities. Indirect costs comprise the cost of engineering and supervision, legal and construction expenses, and contractor’s fee

and contingency.

4. Conclusions

The techno-economic analysis of free lutein extraction processing, supported by conceptual

process design and Aspen Plus simulations for energy and mass balances, demonstrated that 
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the simultaneous process was a more technically and economically viable technology for 

extracting free lutein, compared with the sequential process. The simultaneous process offers 

increased product yield and reduced production costs compared to the sequential process. 

Specifically, the simultaneous process achieves a free lutein extraction yield of 86.16 wt% with 

a production cost of 3.09 USD/kg of crude free lutein. The total OPEX, nevertheless, of both 

processes are very high. When considering the sequential process, it could be drawn from the 

economic assessment in Table 5 that the large contribution of this cost was from the liquefied 

DME extraction process, and the major portion of the cost of operating the extraction process 

itself was the marigold flower powder raw material. Such high OPEX indeed led to a payback 

period exceeding 20 years (result not shown). To further improve the profitability of the 

process, it is possible to incorporate an in-house preparation of marigold flower powder to 

mitigate the initial investment burden by reducing the need to purchase dried flowers from a 

vendor. 
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Abstract 

This study focuses on the synthesis of bimetallic ZIFs, starting with Core ZIF-8 and 

ZIF-67. A study of the core materials led to the development of ZIF-8@ZIF-67 and ZIF-

67@ZIF-8 core-shell structures. Fourier-transform infrared spectroscopy (FTIR) and X-ray 

diffraction analysis (XRD) were employed to analyze these cores. The thermal stability of these 

formations was evaluated through thermogravimetric analysis (TGA) to elucidate the effects of 

heat, while their morphology was thoroughly investigated using transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). ZIF-8@ZIF-67 and ZIF-

67@ZIF-8 were successfully synthesized and had surface area of 1723.7 and 1640.4 m2/g and 

pore volume of 0.7239 and 0.7998 cm3/g, respectively, based on the BET method. The seed-

mediated growth synthesis effectively preserved the dodecahedron structure of core materials. 

The creation of a core-shell structure was shown with a uniform distribution of Co and Zn 

particles on the surface. The integrity of the dodecahedron structure was maintained, boasting 

an excellent surface area and pore volume. Further enhancement of the physical and chemical 

properties was achieved by adding Cu particles to the core-shell materials through co-

precipitation. 

Keywords: ZIF-8; MOFs; Seed-mediated growth; Bimetallic 

1. Introduction

Metal-organic frameworks (MOFs) have become significant because of their distinct 

chemical and physical characteristics. They are of interest to researchers in many different 

domains. These include a high surface area, huge porosity, robust pore structures as well as 

thermal and chemical stability under diverse environmental conditions [1]. The distinct 

structure of these materials comprises metal nodes interconnected by organic ligands, forming 

a well-defined framework. In this research project, we study and synthesize a type of MOF 

known as zeolitic imidazolate frameworks (ZIFs), which are composed of transition metals and 

imidazole [2]. Specifically, we focus on ZIF-8 and ZIF-67 due to the ease of synthesis at room 

temperature and the versatility of their applications, these materials have garnered widespread 

interest. Previous research has demonstrated the versatility of ZIFs in various applications such 

as energy storage, energy conversion, gas storage separation, and catalysis [3]. For instance, 

their use in hydrogen gas storage is particularly advantageous due to the large surface area. As 

catalysts, they are often employed as supporters, the large pore sizes minimizing the occurrence 

of pore blockage while also offering extensive surface area. 

Further studies focused on how to enhance the physical and chemical properties of 

Single-metal ZIFs. A popular strategy adopted is the use of mixed metal or bimetallic MOFs, 

which involves incorporating desired heavy metals into the single-metal ZIF frameworks. For 
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example, the core-shell materials demonstrated significantly higher CO2 adsorption (58.3 cm3 

g-1) in comparison to its single-metal counterpart (44.8 cm3 g-1), showcasing the potential of 

this strategy [4]. and Zn/Co ZIFs were effective for adsorbing gases (N2, CO2, and CH4) and 

could be used for converting CO2 into cyclic carbonates [5]. According to these investigations, 

single-metal ZIFs are inferior to bimetallic ZIFs in terms of their chemical and physical 

characteristics. 

In this study, we investigated the synthesis of core-shell materials from single-metal 

ZIFs using the seed-mediated growth technique. The X-ray diffraction (XRD) technique was 

utilized to examine the structural characteristics of the crystals and determine any modifications 

to the initial dodecahedron structures of core materials during the synthesis process. The 

materials were then subjected to analysis using energy-dispersive X-ray spectroscopy (EDS) to 

create elemental mapping while SEM and TEM to capture images of the crystal structures and 

observe the distribution of Co, Cu, and Zn on the material surface. The materials' thermal 

characteristics were then studied using thermogravimetric analysis (TGA), and the chemical 

properties and functional groups were studied using FT-IR. Following the successful synthesis, 

the core-shell structures were produced. Copper nitrate hexahydrate was then added to the two 

types of materials using the co-precipitation technique and analyzed using the same techniques 

as for the core-shell synthesis to study the behavior of the Cu particles added to the materials. 

2. Experimental section

2.1. Synthesis of ZIF-8 framework. 

Zn(NO3)2 · 6H2O (810 mg, 3.5 mmol) in 40 mL of methanol and 2-methylimidazole 

(526 mg, 2.4 mmol) was dissolved in another 40 mL of methanol. The two solutions were 

combined and agitated for 12 hours at room temperature, resulting in a turbid white solution. 

The solution was then separated by centrifugation and washed many times with methanol. The 

mixture was subsequently dried for 6 hours at 70 oC in an oven, resulting in the formation of a 

delicate white solid. 

2.2. Synthesis of ZIF-67 framework 

Co(NO3)2 · 6H2O (582 mg, 2 mmol) in 50 mL of methanol and 2-methylimidazole (656 

mg, 8 mmol) was dissolved in another 50 mL of methanol. The two solutions were combined 

and agitated for 12 hours at room temperature, resulting in a purple solution. The solution was 

then separated by centrifugation and washed many times with methanol. The mixture was 

subsequently dried for 6 hours at 70 oC in an oven, resulting in the formation of a delicate purple 

solid. 

2.3. Synthesis of core-shell ZIF-8@ZIF-67 framework. 

The core-shell was produced through the seed-mediated growth process. Initially, ZIF-

8 (160 mg, 0.697 mmol) was dissolved in 20 mL of methanol using a sonication bath for 30 

minutes. Concurrently, in 6 mL of methanol, 2-methylimidazole (1790 mg, 21 mmol) and 

Co(NO3)2 · 6H2O (433 mg, 1.5 mmol) were dispersed. This solution was then gradually added 

to the ZIF-8 solution, followed by stirring for 30 minutes. The mixture was then placed to a 

Teflon-lined autoclave and heated at 100 oC for 12 hours. The resultant purple solution was 

separated using centrifugation and washed several times with methanol. Finally, the mixture 

was subsequently dried for overnight at 100 oC in an oven, resulting in the formation of a 

delicate purple solid 
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2.4. Synthesis of core-shell ZIF-67@ZIF-8 framework. 

The process began with dissolving of ZIF-67 (40 mg, 0.18 mmol) in 20 mL of methanol 

using a sonication bath for 30 minutes. Simultaneously, Zn(NO3)2 · 6H2O (595 mg, 2mmol) 

and 2-methylimidazole (656 mg, 8 mmol) were dispersed in 40 mL of methanol. This solution 

was then gradually added to the ZIF-67 solution, followed by stirring for 30 minutes. To ensure 

complete dissolution, the mixture was further treated in the sonication bath for an additional 30 

minutes. The resulting purple solution was separated using centrifugation and washed several 

times with methanol. Subsequently, the solution was subsequently dried for overnight at 100 
oC in an oven, resulting in the formation of a delicate purple solid. 

2.5. Synthesis of core-shell materials incorporated with Cu 

Core-shell materials (200 mg) were dissolved in 50 mL of methanol using a sonication 

bath for 30 minutes. Once core-shell was completely dissolved in methanol. The solution was 

agitated for 30 min. after the addition of 140 mg of Cu(NO3)2 · 3H2O. Then, 20 mL of DI water 

were used to dissolve 109.77 mg of NaBH4, which was subsequently and progressively added 

to the purple solution, followed by continuous stirring for 1 hour. Centrifugation was used to 

separate the purple solution that was produced, and it was then repeatedly washed with 

methanol and DI water. Ultimately, a fine purple solid formed after the mixture was dried for 

12 hours at 50 oC in an oven. 

2.6. Characterization 

Field emission scanning electron microscope (FE-SEM) (thorough JEOL JSM 7800F 

instrument) was used for studying the structure and morphology of specimens. Before analysis, 

the samples must be dried and then coated with a gold layer to enhance their electrical 

conductivity. The analysis is carried out under vacuum conditions to capture high-resolution 

images of the samples. The operation was controlled via a computerized system. 

Powder X-ray diffraction (PXRD) was used to examine the phase structure of the 

prepared ZIF-8@ZIF-67 and ZIF-67@ZIF-8 (through Bruker D2 phaser with CuKα radiation 

1.5418°A and a step size of 0.02° in 5-40°).  

The measurement of N2 adsorption and desorption isotherms at -196 °C was conducted 

with the Micromeritics ASAP 2020 plus instrument. The samples were degassed for 6 hours at 

a temperature of 120 oC in preparation for the measurements. The BET method was employed 

to determine the specific area, which was calculated from the relative pressure in the range of 

0.05-0.30, as well as the total pore volume was calculated at 0.99 relative pressure. (4V/A by 

BET). 

Thermogravimetric analysis (TGA/Mettler Toledo DSC1) was employed as a technique 

to study the behavior of samples in response to increasing temperature within the system. The 
impact of temperature on weight loss was measured through the use of this method, allowing 

for the determination of which particles or structures in the sample changed at specific 

temperature ranges. Temperature rose from 50 to 600 °C at a rate of 10 °C/min during the 

analysis, with O2 gas flowing through at a rate of 30 mL/min. 

The analysis of chemical bonds or functional groups on molecular surfaces can be 

achieved through Fourier transform Infrared (FTIR) Spectroscopy, which operated within the 

4000-400 cm-1 wavelength interval. 
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3. Results and discussion

3.1 Field Emission Scanning Electron Microscope (FE-SEM)

Fig. 1. (a) SEM image, (b) TEM images, (c,d) elemental mapping (e) particle size distribution 

of ZIF-8@ZIF-67 frameworks and (f) SEM image, (g) TEM images, (h,i) elemental mapping 

(j) particle size distribution of ZIF-67@ZIF-8 frameworks.

Figure 1 depicts the crystalline structure of core-shell materials. The synthesized 

materials exhibit a dodecahedron structure with a particle size distribution ranging from 0.4 to 

2.4 μm. Core-shell materials have average material sizes of 1.06 μm and 0.67 μm, respectively. 

Elemental mapping analysis was conducted to examine the distribution of metal nodes, 

specifically Zn in ZIF-8 and Co in ZIF-67. The analysis indicates that in the Core-shell 

materials, Zn and Co particles are distributed throughout the surface. This provides evidence 

that ZIF-8 and ZIF-67 are compatible materials after synthesis by seed-mediated growth. 

Fig. 2. (a) SEM image, (b) TEM images, (c-e) elemental mapping of 

Cu-ZIF-67@ZIF-8 frameworks. 

Figure 2 presents SEM images as evidence of the crystalline structure of the Cu-ZIF-

67@ZIF-8 material. Examination of these images reveals that the core-shell structure of ZIF-

67@ZIF-8 maintains its dodecahedron shape even during the incorporation of Copper(II) 

nitrate trihydrate using the co-precipitation technique. This suggests that the addition of Cu ions 

does not alter the physical and chemical structure of the material. The material remains a Metal-

Organic Framework (MOF) with an excellent distribution of metal nodes and Cu ions. 
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3.2 X-ray diffraction (PXRD) 

Fig. 3. Powder X-ray diffraction (PXRD) patterns of ZIF-8, ZIF-67, ZIF-8@ZIF-67 and ZIF-

67@ZIF-8 frameworks. 

Figure 3 presents the XRD pattern of single-metal ZIFs and core-shell materials. The 

observed peak positions at 2θ are 7.52 (011), 10.53 (002), 12.90 (112), 14.86 (002), 16.60 

(0.13), 18.21 (222), 22.21 (114), 24.66 (233), and 26.82° (134) [6]. Upon examining the peak 

positions of core materials, they align with previous research, indicating that the prepared 

samples are pure and exhibit sharp peaks with a highly crystalline structure. In the case of the 

core-shell materials, it is evident that there are no additional peak positions present apart from 

those of core materials. This suggests that during the core-shell materials synthesis using the 

seed-mediated growth technique, the original structure of the core is not destroyed in the 

process. 

3.3 BET surface area and pore size distribution 

Fig. 4. (a) N2 adsorption isotherms at -196 °C and (b) pore size distribution of ZIF-8@ZIF-67 

and ZIF-67@ZIF-8 frameworks. 

Table 1 Surface area, pore volume, pore size of the core-shell ZIF-8@ZIF-67 and 

ZIF-67@ZIF-8 frameworks. 

Catalyst 
Surface area 

(m2/g) 

Average pore 

size (nm) 

Total pore 

volume (cm3/g) 
Reference 

ZIF-8@ZIF-67 1723.7 1.68 0.7239 Our work 

1402.1 1.2 0.8752 [7] 

ZIF-67@ZIF-8 1640.4 1.95 0.7998 Our work 

1271.8 1.02 0.6797 [7] 
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Core-shell materials are represented in Figure 4, displaying their N2 adsorption 

isotherms at -196 °C and pore size distribution. It reveals that N2 adsorption occurs sharply at 

low relative pressures, indicating a Type I adsorption isotherm which is adsorption in 

microporous sizes. The BET measurements of core-shell reveal that their specific surface areas 

and pore volumes are 1723.7 and 1640.4 m2/g and 0.7015 and 0.7093 cm3/g, as shown in Table 

1. In contrast to the single-metal ZIF-8 and ZIF-67, which had pore volumes of 0.7633 and

0.7324 cm3/g and surface areas of 1323.62 and 1392.30 m2/g, respectively [8]. The surface

areas and pore volumes of the core-shell structures are significantly higher than those of the

original single-metal forms due to the formation of a shell structure in ZIFs materials and the

absence of pore blockage. This observation aligns with the results from the XRD and FTIR

analyses, supporting the effectiveness of seed-mediated growth synthesis in maintaining the

structural integrity of the materials.

3.4 Thermogravimetric analysis (TGA) 

Fig. 5. TGA of (a) ZIF-8, ZIF-67, ZIF-8@ZIF-67 and ZIF-67@ZIF-8, (b) ZIF-8@ZIF-67 and 

Cu-ZIF-8@ZIF-67, (c) ZIF-67@ZIF-8 and Cu-ZIF-67@ZIF-8 frameworks. 

Figure 5(a) shows the TGA analysis of single-metal ZIFs and core-shell materials under 

oxygen flow. The weight loss in the region i (330–370 °C) is 2–5% due to the release of water, 

methanol, and non-reactive 2-methylimidazole species. This is accompanied by an exothermic 

decomposition. In the region ii (370–480 °C), the weight loss is significant, reaching 62%. This 

is attributed to the thermal decomposition of 2-methylimidazole, which is bonded to the metal 

nodes (Co and Zn) within the structure. The thermal stability of the metal nodes of the materials 

is in the range of 475–550 °C indicating region iii. All materials exhibit similar thermal behavior 

because ZIF-8 and ZIF-67 have the same organic ligand. The results indicate that the structure 

decomposition starts with 2-methylimidazole. In Figure 5(b, c), when copper particles are added 

to core-shell materials, the weight loss at 240 °C is 4% due to the decomposition of copper 

nitrate trihydrate, sodium borohydride, and impurities on the material surface. When the 

temperature reaches 400–650 °C, the material weight decreases by 30%. This is the onset of 

structure decomposition, starting with 2-methylimidazole. The behavior of decomposition is 
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similar to core-shell materials. and the thermal stability is 650 °C. The TGA results indicate 

that the addition of Cu significantly improves the thermal stability of the materials. 

3.5 Fourier Transform Infrared Spectrometer (FT-IR) 

Fig. 6. (a) FTIR of ZIF-8, ZIF-67, ZIF-8@ZIF-67 and ZIF-67@ZIF-8, (b) ZIF-8@ZIF-67 and 

Cu-ZIF-8@ZIF-67, (c) ZIF-67@ZIF-8 and Cu-ZIF-67@ZIF-8 frameworks. 

The FTIR spectra of single-metal and core-shell materials in Figure 6(a), the presence of 

Zn-N and Co-N bonds between the metal nodes and 2-methylimidazole ligand is shown by a 

noticeable peak at 421 cm-1. The C=N and C-H bonds are evident at 1583 and 3136 cm-1, 

respectively. In addition, the vibrations of aromatic Sp2 C-H bending are seen at 690 and 758 

cm-1. The vibrations of in-plane bending of the ring are represented by the peaks at 995 and 

1145 cm-1 [9]. The FTIR analysis of core-shell materials shows that the 2-methylimidazole 

linker does not undergo any structural changes during the formation of the core material using 

the seed-mediated growth technique. This is because the bonding structures of the core and 

core-shell materials are consistent, especially the peak at 421 cm-1. This indicates the formation 

of Zn-imidazolate and Co-imidazolate bonds within the composite materials. Figure 6(b-c) 

shows the spectra of core-shell materials, Cu-ZIF-8@ZIF-67, and Cu-ZIF-67@ZIF-8 after Cu 

particles were added to the core-shell materials. The overall peak positions are similar to those 

of the core and core-shell materials. The small peak at 507 cm-1 indicates the vibrations of the 

Cu center particles on the surface of the material [10]. This indicates that the Cu particles were 

added successfully to the material using the co-precipitation technique. The results of the 

analysis show that the addition of copper(II) nitrate trihydrate does not destroy the existing 

structure. 

4. Conclusion

Through the application of the seed-mediated growth approach, core-shell ZIF-8@ZIF-

67 and ZIF-67@ZIF-8 were produced. It was found that the original structure of the core 

materials was not destroyed, and a core-shell structure was successfully formed. This 

conclusion is supported by the results of SEM, XRD, BET, TGA, and FTIR analyses. 
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Furthermore, to enhance the physical and chemical properties, a method was designed to 

incorporate Cu metal into the materials using the co-precipitation technique. Within the core-

shell materials, Cu particles were observed to be well-dispersed on the surface. TGA 

experiments also indicated that the addition of Cu particles significantly enhances thermal 

stability. This improvement is highly beneficial for various applications. 
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Abstract 

The selective hydrogenation of furfural to furfuryl alcohol on the Cu-Ce/SiO2 catalyst was 

studied in this work. The cerium with 0.1-10 wt% loadings was added in the 20 wt% Cu/SiO2 

catalyst. The catalysts were characterized by the X- ray diffraction (XRD), N2 physisorption, 

temperature programmed reduction (TPR) and N2O decomposition. The catalytic reaction was 

tested under 20 bar of hydrogen at 160 C for 2 h. Addition of the Ce hardly affected the 

crystalline structure and the pore characteristics of the catalysts, except the 0.1 wt% Ce loading. 

The presence of Ce can lower the reduction temperature of the Cu/SiO2 catalyst. An 

undetectable copper metal active sites by N2O decomposition indicated a weak interaction 

between copper metal and silica support resulting in the aggregation of copper metal to form 

the particles with larger size. The 0. 5 wt%  Ce was suitable content to maintain high reaction 

rate and high selectivity to furfuryl alcohol. An overload of the Ce content produced the other 

byproducts and therefore decreased significantly the selectivity of furfuryl alcohol. The 

impregnation of Ce after Cu showed the promising catalytic activity and selectivity compared 

to both the impregnation of Ce before Cu and the co-impregnation of Ce and Cu. 

Keywords: Furfural hydrogenation; Furfuryl alcohol; Cu-Ce/SiO2 catalyst. 

1. Introduction

Thailand is a country with a large number of agricultural crops and therefore there is a lot

of agricultural waste or biomass. Biomass is mainly composed of three compounds:  cellulose, 

lignin and hemicellulose. The hemicellulose can be converted to a furfural (FAL) that produces 

high value-added products such as furfuryl alcohol (FOL), furan, tetrahydrofuran, 2-

methylfuran, 2-methyltetrahydrofuran, tetrahydrofurfuryl alcohol, and cyclo-products [1]. Due 

to the attractive economic value and wide range of applications, furfuryl alcohol is an important 

derivative of furfural through hydrogenation process. It is used widely in the fine chemical and 

the polymer industries for many applications such as thermostatic resins, synthetic fibers, 

lysine, vitamin C, and lubricants [ 2, 3] . On the industry of furfuryl alcohol production from 

furfural, the traditional catalyst is Cu-Cr. However, the heavy environmental pollution and 

energy crisis limits the wide use of Cu-Cr catalysts, and the high toxicity has enforced the 

researchers to develop the high active Cr-free catalysts [4]. Therefore, Cr free catalysts have 

been developed to overcome these limitations. Various metal-based catalysts without Cr 

including Pt, Pd, Co, Cu and Ni have been studied. Among all catalysts, Cu-based catalysts 

have been the most frequently employed metal for hydrogenation of furfural due to inexpensive 

material and satisfactory hydrogenation selectivity [5]. However, the disadvantage of Cu metal 

is that its activity for the furfural hydrogenation is lower than that of noble metal.  Addition of 

the suitable promoter is one of alternative ways to improve the catalytic performance. A cerium 
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was interesting promoter. It was reported that the Lewis acidic and basic sites coexisting on the 

low vacancy surfaces of CeO2 can favor the dissociation of H-H bond [6]. A silica was selected 

as the catalyst support because it had a large surface area to highly disperse the active 

components [7]. In this work, the effect of Ce content in the Cu/SiO2 catalyst on the catalytic 

property for liquid-phase selective hydrogenation of furfural was investigated.  

2. Materials and Methods

The Cu-Ce/SiO2 catalysts were prepared by impregnation method. First, the commercial

SiO2 powder was mixed with the aqueous solution of copper nitrate. This slurry was stirred at 

70 C for 6 h. The obtained material was dried at 110 C for 12 h in oven.  The powder was 

crushed and calcined in 30 ml/min of air flow at 400 C for 3 h. After calcination, a 2 ml of the 

aqueous solution of ammonium cerium (IV) nitrate was impregnated into this powder and held 

at room temperature for 6 h.  The obtained material was dried at 110 C for 12 h in oven.  The 

powder was crushed and calcined in 30 ml/min of air flow at 400 C for 3 h. The final product 

was the Cu-Ce/SiO2 catalysts. The Cu content was fixed as 20 wt% while the Ce content was 

varied as 0. 1, 0. 5, 1, 5 and 10 wt%. In this work, the symbol of Cu-xCe/SiO2 represented the 

catalyst prepared by the re-impregnation of Ce after Cu on the commercial SiO2 support with x 

wt% Ce loading. 

The catalysts were characterized by X-ray diffraction (XRD), N2 physisorption, temperature 

programmed reduction (TPR) and N2O decomposition. The bulk crystalline phases of the 

catalysts were measured using the XRD technique by Bruker AXS Model D8 Discover in the 

range 2θ from 20 to 80 with Cu K𝛼 . The crystalline sizes were calculated by the Scherer 

equation. The specific BET surface area was measured by N2 physisorption using 

Micrometritrics ASAP 2010. The catalysts were firstly pretreated in helium gas flow with 50 

ml/ min at 180 C for 3 h to remove water bound to the surface of the catalyst. After 

pretreatment, a sample cell was installed to an adsorption part containing liquid nitrogen in a 

dewar.  The volume of N2 was measured at a different partial pressure of N2 at -196 C.  The 

bulk reduction behavior of the catalysts was measured by TPR using a Micrometritrics 

AutoChem 2910 instrument. Before the measurement, the catalyst was pretreated at 150 C for 

1 h under N2 gas flow in order to eliminate the adsorbed water. The reduction step was 

proceeded under 10% H2 in N2 with 30 ml/min from 100 to 800 C with the ramp heating rate 

of 10 C/min and held at 800 C for 1 h. During the reduction step, the water produced in the 

process was trapped by the liquid nitrogen. Decomposition of N2O was conducted to determine 

Cu active sites. It was measured by a Micrometritrics AutoChem 2910 instrument. Before the 

measurement, the catalyst was reduced in H2 with 25 ml/min at 300 C for 3 h. The Cu active 

sites were measured at 90 C with injected-pulses of N2O. The experiments were stopped when 

the sample was saturated. 

The catalyst was tested by liquid-phase hydrogenation of furfural to furfuryl alcohol. This 

reaction occurred in 25 ml of stainless-steel reactor with magnetic stirrer. Prior to the reaction 

test, a 0.05 g of catalyst was ex-situ reduced by H2 at 300 C for 3 h. This catalyst was initially 

introduced into a liquid mixture consisting of a 0. 1 ml of furfural reactant and a 10 ml of 

isopropanol solvent.  The reaction was operated using a 20 bar of H2 pressure and 160 C. The 

reaction time was fixed as 2 h. After the reaction, the liquid product was collected and analyzed 

by GC-FID. 
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3. Results and Discussion

The XRD pattern of the Cu-xCe/SiO2 catalysts is shown in Fig. 1. The XRD peaks of CuO

referred by several previous works [8-11] were apparent for all catalysts. The crystalline size 

of CuO was calculated and recorded in table 1. Only the Cu-0.1Ce/SiO2 catalyst showed larger 

crystalline size of the CuO. It showed the XRD peaks at 25.8, 33.5, 36.5 and 43.5 ascribed as 

Cu2(OH)3NO3 [12]. The formation of this phase possibly interfered the dispersion of CuO 

particles on the catalyst surface. The XRD peaks of CeO2 reported by the literatures [10, 11] 

were clearly observed for the catalysts with high Ce content (5 and 10 wt% Ce loadings). The 

pore characteristics and the specific BET surface area were determined by adsorption and 

desorption of N2 as shown in Fig. 2 and table 1, respectively. Addition of the Ce hardly affected 

the specific BET surface area except the Cu-0.1Ce/SiO2 catalyst. Type IV of physisorption 

isotherms with hysteresis loop was corresponding to the characteristics of mesoporous 

materials with pore diameters between 2 and 50 nm. The hysteresis loop was type H2 pores 

(ink-bottle pores) with narrow mouths according to the IUPAC classification [13]. 

Fig. 1 The XRD pattern of the Cu-xCe/SiO2 catalysts. 

Fig. 2 The N2 adsorption/desorption isotherms of the Cu-xCe/SiO2 catalysts. 
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Table 1. The CuO crystalline size, the BET surface area, the mean pore size diameter and the 

total reducibility of the Cu-xCe/SiO2 catalysts obtained by the results of XRD, N2 

physisorption and TPR, respectively. 

Catalyst 
CuO crystalline 

size (nm) 

BET surface 

area (m2/g) 

Mean pore size 

diameter (nm) 

Total reducibility 

(%) 

Cu/SiO2 38.8 106 10.7 94.4 

Cu-0.1Ce/SiO2 53.9 135 10.8 91.8 

Cu-0.5Ce/SiO2 31.4 114 10.6 83.4 

Cu-1Ce/SiO2 34.5 112 10.6 91.2 

Cu-5Ce/SiO2 34.5 111 10.2 95.2 

Cu-10Ce/SiO2 36.4 108 10.3 86.0 

Figure 3 shows the TPR profiles of the Cu-xCe/SiO2 catalysts. All catalysts showed the 

reduction peaks in the range of 150-400 C. These peaks were assigned as the reduction of CuO 

particles dispersed on the silica support. It was noted that the bulk CuO was reduced in a range 

of 200-325 C confirmed by the literature [14]. Typically, the reduction of the Cu oxide to Cu 

metal had two possible pathways. One was single step reduction of the Cu oxide to Cu metal. 

The Cu-0.5Ce/SiO2 catalyst showed this behavior. The other was two step reduction. The CuO 

was first reduced to Cu2O and subsequently reduced to Cu metal. This was the reduction 

behavior of all catalysts, except the Cu-0.5Ce/SiO2 catalyst. The TPR peaks were significantly 

shifted to low temperature when adding the Ce promoter.  A position of the TPR peak was 

dependent on the size of metal oxide. Basically, the larger the particle size, the higher the 

reduction temperature. As reported in the literature [15], the reduction temperature of CuO 

dispersed on the support was addressed in a range of 130-260 C. This implied that the Ce can 

reduce the size of copper oxides and therefore the reduction temperature was decreased. It was 

remarked that total reducibility as shown in table 1 was calculated by an assumption that the 

only CuO species was reduced. However, a small broad peak at 400-550 C was found on the 

catalysts with high Ce content (5 and 10 wt% Ce loadings). This peak was represented to the 

reduction of the CeO2 particles. It was reported that the reduction peak at about 500 C 

contributed to the reduction of Ce4+ on surface and subsurface [16]. 

Fig. 3 The TPR profiles of the Cu-xCe/SiO2 catalysts. 
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The Cu active sites were measured by N2O decomposition.  Unfortunately, a very low 

amount of decomposed N2O was detected for all catalysts.  This meant a low amount of Cu 

active sites or large size of Cu metal on the catalyst surface. This was due to a weak interaction 

between copper metal and silica support resulting in the aggregation of copper metal to form 

the particles with larger size. Figures 4 and 5 show the catalytic activity and selectivity for the 

selective hydrogenation of furfural to furfuryl alcohol on the Cu-xCe/SiO2 catalysts. It was 

remarked that the conversion of furfural was very low corresponding to a low amount of Cu 

active sites measured by the decomposition of N2O and therefore the reaction rate was 

evaluated. A suitable content of Ce promoter in this work was 0.5 wt%. The Cu-0.5Ce/SiO2 

catalyst can maintain both high activity and selectivity. This was possible that its reduction 

characteristics was different from those of the other catalysts. A low content of Ce (0.1 wt%) 

showed very low activity because a large size of CuO was formed as confirmed by the XRD 

results. At a high content of Ce (5 and 10 wt%), the selectivity to furfuryl alcohol was decreased 

when compared to a moderate content of Ce (0.5 and 1 wt%). The other byproducts including 

2-methylfuran, 2-methyltetrahydrofuran, and tetrahydrofurfuryl alcohol were formed. This was

consistent with the other works [17-19].

Fig. 4 Effect of Ce loading on the reaction rate for furfural hydrogenation. 

Fig. 5 Effect of Ce loading on the FOL selectivity for furfural hydrogenation. 
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Two Cu-0.5Ce/SiO2 catalysts synthesized by the different preparation method was also 

evaluated. One was the Cu-0.5Ce/SiO2 (B) prepared by sequential impregnation method. The 

Ce was impregnated on the silica support before impregnating the Cu. Another was the Cu-

0.5Ce/SiO2 (C) prepared by co-impregnation of the Cu and Ce. Three catalysts showed the 

same pore characteristics and had the BET surface area in a range of 110-115 m2/g. Compared 

to the Cu-0.5Ce/SiO2 catalyst, both Cu-0.5Ce/SiO2 (B) and Cu-0.5Ce/SiO2 (C) showed the shift 

of the TPR peaks of CuO to lower temperature and lower total reducibility (not shown here). 

The amount of decomposed N2O cannot detected as well. The comparative results of three 

catalysts for reaction test are shown in Figs. 6 and 7. The Cu-0.5Ce/SiO2 catalyst exhibited the 

highest reaction rate and furfuryl alcohol selectivity.  A decrease of reaction rate and furfuryl 

alcohol selectivity of both Cu-0.5Ce/SiO2 (B) and Cu-0.5Ce/SiO2 (C) was because Cu particles 

with small size was formed corresponding with the TPR results. The furfural reactant with large 

molecular size was difficult to adsorb on Cu particles with small size while hydrogen reactant 

preferred to adsorb on them.  The reaction rate was dependent on the concentration of furfural 

on the surface of catalyst and therefore it was decreased with decreasing the furfural 

concentration.  The presence of more hydrogen on the surface of catalyst promoted the 

formation of byproduct through hydrogenation and hydrogenolysis and therefore the selectivity 

to furfuryl alcohol was decreased. 

Fig. 6 Effect of the preparation method on the reaction rate for furfural hydrogenation. 

Fig. 7 Effect of the preparation method on the FOL selectivity for furfural hydrogenation. 
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4. Conclusions

The effect of Ce promotor in the Cu-Ce/SiO2 catalyst on selective hydrogenation of furfural

to furfuryl alcohol was studied. The optimum content of the Ce promoter was 0.5 wt%. The 

Cu-0.5Ce/SiO2 catalyst can maintain high reaction rate and high selectivity to furfural alcohol. 

This was dependent on a suitable particle size of Cu metal dispersed on the catalyst surface. 

Either larger size of Cu metal in the catalyst with low Ce content or smaller size of Cu metal 

and in the catalysts with high Ce content showed a decrease of the catalytic activity and a 

decrease of the selectivity to furfuryl alcohol. A trade-off between the concentrations of the 

furfural and hydrogen on the catalyst surface was a key factor to obtain a promising catalytic 

performance. 
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Abstract 

Energy demand has been growing, especially in the transportation sector, while environmental 

concerns have also been under focus. Green diesel, a renewable energy, can be an alternative 

to fossil fuel to tackle both issues. Prior to using green diesel, environmental impact assessment 

is required to ensure environmental friendliness of its production. This study focuses on the 

environmental impact of production processes of green diesel alternatively called bio-

hydrogenated diesel (BHD) produced from hydro-processing technology by comparing 

between two feedstocks (palm fatty acid distillate (PFAD) and refined palm stearin (RPS) with 

those of diesel from fossil fuel. BHD production processes were simulated using ASPEN Plus 

to analyze material and energy balances with the production rate of 50-ton BHD/day, while

reaction information was attained from experiments. The environmental impact analysis was 

within the Cradle-to-Gate system boundary starting from palm oil plantation, cultivation to the 

production of BHD. Life cycle assessment (LCA) was carried out using ReCiPe 2016 method 

with LCSoft where databases were collected from relevant research studies. LCA results in this 

study focusing on the end point results are typically shown as an impact on human health, 

ecosystem quality, and resource depletion. 

Keywords: Bio-hydrogenated diesel; Palm oil; Life cycle assessment; Palm fatty acid distillate; 

Refined palm stearin 

1. Introduction

In 2019, Enerdata, a global energy data provider [1], found that the world's overall energy

consumption has increased by 67% since 2000 indicating a significant rise in energy demand. 

Energy from petroleum is considered unsustainable, contributing significantly to environmental 

issues [2]. Consequently, there is a growing need for sustainable energy sources. Biodiesel is 

first-generation biofuel produced from plant oil or animal fat. Although biodiesel is considered 

more environmentally friendly compared to traditional diesel, it has many limitations and 

requires blending with diesel fuel for transportations uses [3]. Bio-hydrogenated diesel (BHD) 

have been developed as second generation of biofuel and can be produced from plant oils. 

Thailand can produce palm oil at a capacity of 18.9 million tons yearly in 2023 [4], and Thailand 
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is the world’s third-largest producer of palm oil [5]. Therefore, palm-based BHD production 

can be a renewable energy source for Thailand. For the transportation sector, it is important to 

evaluate the environmental impact if BHD is to be fully adopted and compared to the current 

petroleum-based fuel, especially diesel. 

BHD can be produced from various palm oil products and by-products [5]. Palm fatty acid 

distillate (PFAD) and refined palm stearin (RPS), triglycerides, are by-products from the palm 

oil refining industry that share similar features for BHD production. Kaitkittipong et al. (2013) 

[5] reported an experimental study of BHD production and found that the product yield of BHD

and reaction conversion reached the highest values of 81% and 91%, respectively for PFAD.

Boonrod et al. (2018) [6] reported the environmental impact and energy usage of BHD

production from PFAD and FAME from palm oil through a life cycle assessment and found

that BHD from PFAD required less energy for its production but had a greater environmental

impact than that from FAME. Permpool et al. (2021) [7] studied the environmental impact of

three types of diesels: BHD, FAME, and petroleum-based, by comparing the impact categories

considered for the endpoint assessment: human health, ecosystem, and resource, using life cycle

assessment (LCA). It was found that petroleum diesel has the highest environmental impacts,

followed by FAME and BHD.

In this work, a comparative study between the use of PFAD and RPS as feedstocks under 

the same technological conditions is carried out and investigated. This research studies the 

environmental impacts throughout the life cycle assessment. The boundary for this study is 

Cradle-to-Gate, from palm oil plantation to BHD production. The results will be presented in 

terms of endpoint indicators with three dimensions: human health, ecosystem, and resources. 

The results from this work will be valuable for making informed decisions in the future 

development of bio-hydrogenated diesel, considering both technological and environmental 

aspects. 

2. Methods: LCA method

The LCA study compared BHD production from PFAD and RPS based on the series of ISO 

14040 (2006). 

2.1. Goal and scope 

The goal of the study was to assess the relevant environmental impacts at endpoint stage of 

the BHD production processes using PFAD and RPS as raw materials. 

2.2. System boundary and functional unit 

The first route is BHD from PFAD feedstock, and second route is BHD from RPS feedstock. 

The system boundaries were “Cradle-to-Gate” consisting of four main steps for BHD from 

PFAD: palm oil plantation, palm oil production, palm oil refining, and BHD production. For 

BHD from RPS, there are five main steps: palm oil plantation, palm oil production, palm oil 

refining, palm oil fractionation, and BHD production. The use phase of BHD as a fuel in diesel 

engine was not included in the study. The system boundary of BHD from PFAD and BHD from 

RPS can be shown in Fig. 1(a) and Fig. 1(b). The functional unit (FU) of this study was defined 

as 1 kg of BHD for comparison. 
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Fig. 1 System boundary of BHD derived from (a) PFAD (b) RPS. 

2.3. Inventory data collection and assumptions. 

Life cycle inventory (LCI) involves data on the input and output of the usage of raw 

materials, energy, and the emissions of various wastes throughout the lifecycle of BHD 

production process from palm oil plantation to BHD production. Inventory data used in this 

study are collected from various sources, including data from literature, Eco-invent provided in 

the LCSoft software, material and energy balance results from BHD production using chemical 

process simulation software, Aspen Plus. Inventory data used in this work can be summarized 

in Table 1.  

Table 1. Life cycle inventory (LCI) database references. 

Process Feedstock Main product Ref. 

Palm oil plantation Seed Fresh fruit bunch Kittithammavong (2013) [8] 

Palm oil production Fresh fruit bunch Crude palm oil Pleanjai et al. (2004) [9] 

Palm oil refining Crude palm oil PFAD, RPO Boonrod et al. (2018) [6] 

Palm oil fractionation RPO RPS, ROL Boonrod et al. (2018) [6] 

BHD production PFAD BHD-PFAD From this work 

BHD production RPS BHD-RPS From this work 

(a) 

(b) 
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2.4. Impact assessment 

To evaluate the environmental impact of BHD productions from PFAD and RPS feedstocks, 

database from LCSoft software and Thailand databases are required. ReCiPe 2016 methods 

were used to assess environmental impact. Microsoft Excel was used for data processing and 

calculation. The endpoint indicators are final measures of environmental impact that reflect the 

damage or benefit, they show the ultimate outcomes of environmental changes and allow for a 

more integrated and consistent comparison of different impact categories [10]. The endpoint 

impacts considered in this work are human health, ecosystem, and resource. Human health may 

include considerations of air and water pollution, exposure to hazardous substances, and other 

factors that could impact human well-being. Ecosystems including terrestrial and aquatic 

environments may affect biodiversity, soil quality, water quality, and other aspects of 

ecosystems. Resource focuses on the consumption and depletion of natural resources, which 

evaluates the impact on non-renewable resources, such as minerals and fossil fuels, as well as 

the potential for overexploitation of renewable resources [11]. 

3. Results and Discussion

Environmental impact analysis of BHD production from PFAD and RPS were considered 

from Cradle-to-Gate, meaning that from palm oil plantation to BHD production shown in 

Figure 1 of the whole life cycle of 1 kg BHD produced. The results of life cycle impact 

assessment can be shown in the sections below. 

3.1. Characterization results of impact categories 

ReCiPe 2016 was used in the characterization of the selected endpoints, which are three 

impact categories: human health, ecosystem, and resource. The results are shown in Table 2 

and Table 3. 

Table 2. Characterization results of BHD production from PFAD based on 1 kg BHD 

produced. 

Indicator Unit 
Palm oil 

plantation 

Palm oil 

production 

Palm oil 

refining 

BHD 

production 

Human health DALY 1.3410-2 3.4410-4 2.8910-1 2.7410-2 

Ecosystem species/yr 8.0710-7 8.9610-7 2.8610-4 6.3310-5 

Resource $ 3.0010-1 6.2610-1 5.71102 23.2 

From Table 2, the highest impact for human health, ecosystem and resource indicators 

occurs at the palm oil refining stage at 2.8910-1 DALY, 2.8610-4 species/yr, and $5.71102, 

respectively. It implies that high energy usage is in this step and the energy used are mainly 

from heat and electricity. The step with the lowest impact for human health is palm oil 

production stage at 3.4410-4 DALY, for ecosystem and resource is palm oil plantation stage at 

8.0710-7 species/yr, and $3.0010-1, respectively, which was the result of lower energy usage 

in these steps and lower emissions, including more environmentally friendly waste compared 

to other steps. 
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Table 3. Characterization result of BHD production from RPS based on 1 kg BHD produced. 

Indicator Unit 
Palm oil 

plantation 

Palm oil 

production 

Palm oil 

refining 

Palm oil 

fractionation 

BHD 

production 

Human Health DALY 1.5610-3 3.0310-4 3.3610-2 1.95 6.8510-1 

Ecosystem species/yr 9.4210-8 8.3810-7 3.3210-5 4.5010-3 1.5810-3 

Resource $ 3.3510-2 3.2410-1 6.63101 1.63103 5.74102 

From Table 3, the impacts on human health, ecosystem, and resource indicators for BHD 

from RPS are like from PFAD with the highest impact occurring during the palm oil refining 

stage at 1.95 DALY, 4.5010-3 species/yr, and $1.63103, respectively. This indicates that 

energy usage was highest at this step, mainly in the form of heat and electricity. The steps with 

the lowest impact on human health are the palm oil production stage, with a value of 3.0310-

4 DALY, for ecosystem and resource is palm oil plantation stage at 9.4210-8 species/yr and 

$3.3510-2, respectively.  

The comparison of the endpoint impact between the two processes can be shown in Fig. 2(a) 

and Fig. 2(b) 

(a) (b) 

Fig. 2 Comparison of the environmental impacts of BHD obtained from (a) PFAD (b) RPS 

Figer. 2(a) and Figer. 2(b) show overall impact of the three categories. In Fig. 2(a), the 

largest impact on BHD production with PFAD feedstock was observed in the palm oil refining 

step, contributed approximately higher than 80 percent to all the impacts, followed by BHD 

production. This is due to the high energy requirement in the palm oil refining process as PFAD 

accounts for 4% (Refined palm oil 96%) of the overall product coming from this step. This can 

be explained by the high energy intensity of this step, which involves the use of steam and 

electricity. Both energy sources in Thailand are mainly derived from fossil fuels. The impacts 

from BHD production from RPS were different from those of PFAD as it requires an additional 

step to produce RPS, which is palm oil fractionation. The largest contributor is palm oil 

fractionation step around 75 percent, followed by the BHD production step, as shown in Fig. 

2(b). This can be because palm oil fractionation step involves a unit operation with very high 

energy intensity, specifically a distillation column, leading to a substantial demand for energy, 

primarily sourced from fossil fuels. 
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4. Conclusions

In the LCA analysis considering Cradle-to-Gate scope for BHD production from plantation 

to BHD production, endpoint impacts; human health, ecosystems, and resources were 

examined. When PFAD was used as a feedstock, palm oil refining contributed the highest 

compared to other steps with approximately 80 percent in all three categories. In the case of 

RPS, the biggest contributor is palm oil fractionation step around 75 percent across in all three 

impacts. These impacts are primarily attributed to the use of energy, mainly derived from fossil 

fuels. In summary, a recommendation for improving environmental impacts is to consider 

utilizing renewable energy sources for heat and electricity. This approach can result in lower 

environmental impacts compared to using energy derived from petroleum-based fuels. 

Additionally, another option involves reducing energy consumption by opting for process 

modification and intensification. 
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Abstract 

Bio-hydrogenated diesel (BHD) or green diesel is a second generation of biofuel, having a 

straight chain alkane structure with 15 – 18 carbon atoms, which is in the same range as 

petroleum diesel. However, the production process is still limited because the hydro-processing 

requires high operating conditions and high energy. This study aims to compare the effects of 

different starting materials, palm fatty acid distillate (PFAD) and refine palm stearin (RPS), 

which are the by-products from a palm oil refining process. Impact of using BHD product as 

recycle stream to lower the operating condition and reduce energy consumption is also focused. 

The study was divided into four cases: PFAD and RPS as feedstocks with and without recycle 

stream with the production capacity of 50 tons/day of feed. From lab-scale experimental results, 

BHD production using solvent can be done under lower operating condition from 50 bar to 17 

and 34 bar for PFAD and RPS, respectively. Based on the experimental data, the simulation 

study was carried out using ASPEN Plus, while BHD product-recycle stream was added as 

solvent in the continuous processes. The results showed that main products from PFAD was 

pentadecane (C15) and heptadecane (C17), whereas that of RPS produced primarily 

pentadecane. It is worth mentioning that, in the case of using a solvent, the main product for 

both feedstocks is hexadecane (C16) as cracking reaction may occur, and the energy 

consumption is increasing to 39-45% for heating duty, and 32-42% for cooling duty as 

increasing flowrate in process.  

Keywords:  Green diesel; Hydro-processing; Solvent; Palm fatty acid distillate; Refine palm 

stearin. 

1. Introduction

With Thailand experiencing rapid economic growth, there is a rising daily demand for

energy and fuel. Importing fuel oil from abroad, aside from being costly, brings about 

environmental concerns related to its use and production. In response to these issues, a growing 

number of people are turning to alternative energy and fuels derived from renewable sources, 

such as biodiesel and synthetic biodiesel [1]. Biodiesel is the first generation of biofuels, which 

can be derived from renewable resources such as palm oil, vegetable oil, animal fat, or algae. 
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This alternative diesel fuel shares combustion properties very similar to petroleum diesel, 

naturally biodegrades through biological processes, is non-toxic to the environment, and 

represents a form of bioenergy [2]. The second-generation biofuels are often referred to as green 

diesel, renewable diesel, or bio-hydrogenated diesel (BHD), which can be produced by reacting 

triglyceride or fatty acid with hydrogen gas. BHD can be blended with diesel to fuel cars or 

used as a direct substitute for petroleum diesel [3]. BHD production from fatty acid can be 

referred as hydro-processing process involving hydrodeoxygenation, decarboxylation, and 

decarbonylation, while BHD from triglyceride includes hydrogenation and hydrogenolysis as 

shown in Fig. 1 [4]. In hydro-processing process, solvent can be added at the reaction step to 

influence the reaction, enhance mass transfer, facilitate alkane desorption, and prevent the 

formation of undesired products [5]. In industrial scale, the use of a solvent comes with its 

drawbacks, which may increase energy consumption and process costs. The choice of solvent 

is also a crucial decision with implications for the overall efficiency and sustainability of the 

hydro-processing system [5]. 

Thongkumkoon et al. [6] successfully reported experimental study of BHD production 

from palm products in a batch-type reactor filled with 25 cm³ of feedstock and 0.5 g of sulfided 

metal catalyst without using solvent under the operating condition of 4 MPa, 300-400 °C, and 

1-3 hr. reaction time. The diesel yield from palm fatty acid distillate (PFAD) and refined palm

stearin (RPS) is 69.7% and 69.5% respectively. [6]

In Thailand, palm stands out as one of the prime choices for fuel processing [7]. The 

production of green diesel can use PFAD and refined palm stearin (RPS), which comprise 

mainly of palmitic acid and oleic acid composition around 49-59 wt.% and 27-36 wt.% 

respectively [6]. These feedstocks are not in competition with the food sector, and using them 

for energy resource production can add value to palm products and contributes to the sustainable 

energy landscape in Thailand [6, 8]. Therefore, green diesel production from palm products 

appears to be a viable solution to the problem of insufficient fossil fuels. This research aims to 

compare the material balance and energy consumption associated with the use of different 

feedstocks (PFAD, RPS) and the effect of using recycle product as a solvent. The Aspen Plus 

v12 program is employed to simulate the green diesel production process. 

Fig. 1 Reaction of green diesel production from triglyceride and fatty acid [4] 

2. Method

The process for production of synthetic green diesel from palm oil by-products was focused

on PFAD and RPS, while solvent was derived from the recycling of the product to assist in the 

reaction. This design process divides the operation into four case studies, which are BHD 
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production from PFAD (PH), from RPS (RH), from PFAD with solvent (PHS), and from RPS 

with solvent (RHS). 

2.1. Operating condition and feedstock 

The appropriate operating conditions for the hydro-processing reactor in the production of 

green diesel are determined based on research and academic articles. The specified operating 

conditions are presented in Table 1, while the components of the feedstock are from 

Thongkumkoon et al. [6] and Kantama [8]. The reaction performances were based on the 

reference cited in Table 1. 

Table 1. Operating conditions for green diesel production processes. 

Parameter PH RH PHS RHS 

Temperature [°C] 370 370 375 375 

Pressure [bar] 50 50 17 34 

Feed to solvent ratio - - 1: 0.785 1:1 

Reference [6] [6] 
Experiments conducted by 

our research group 

2.2. Assumption and block flow diagram 

The main scope of operations and assumptions are as follows: production capacity of 50 

tons per day of feedstock, steady state operation, hydrogen feed at stoichiometric ratio, Redlich-

Kwong-Soave (RK-SOAVE). A block flow diagram in this study can be presented in Figure 2, 

where recycle stream were used only when solvent was required in the reactor. 

Fig.2 Block flow diagram of green diesel production from PFAD and RPS with solvent in 

this study. 

3. Results and discussion

3.1. Model validation 

The reactor model in this research was a balance-based model, RSTOIC, where fractional 

conversion of chemical reaction can be input as model specification. The resulting product 

distribution from the simulation model was compared to that from experimental results from 
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Thongkumkoon et al. [6] (PH and RH) and from our group (PHS and RHS) for validation by 

calculation the absolute fraction of variance (R2). It was found that the feedstocks, PFAD and 

RPS, have R2 values higher than 99% in all cases. The product distribution from experimental 

results is shown in Figure 3. 

Fig. 3 The product distribution from green diesel production by PFAD and RPS [6] 

3.2. BHD production rate 

After creating a model of the green diesel production process, it was observed that when 

feeding the initial substances in each case study at a rate of 50 tons per day, the resulting 

amounts of green diesel in each case at 39.44, 38.53, 34.43, and 33.89 tons per day, respectively 

(as illustrated in Figure 4). The hydrogen requirement for stoichiometric of RPS is higher than 

that of PFAD due to hydrogenolysis from triglycerides to fatty acids [9]. The reduction in the 

green diesel quantity is attributed to the recycling of the product, which leads to increased 

cracking reactions due to high operating temperature leading to cracking of alkanes [10] and a 

higher demand for hydrogen gas in the chemical reaction. This, in turn, results in an increased 

production of by-products. The composition of green diesel primarily comprises alkanes with 

a carbon number of 15 and higher, constituting over 99% by mass.

Fig.4 Mass flow rates from the four case studies.
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3.3. Energy consumptions 

Figure 5 reveals that, in the case of product recycling, the utilization of hot and cold utilities 

is notably higher than that of the case with no recycle, attributable to the increased flow of 

substances within the system. Specifically, the heating energy usage experiences a 39% 

increase for PFAD and 45% for RPS, while the cooling energy usage sees a surge of 32% for 

PFAD and 42% for RPS. On the other hand, in the PHS case, electricity consumption decreases. 

This is attributed to the recycle solvent, which reduces reacting pressure and feed density, 

resulting in lower energy consumption by the pump and compressor. When considering the 

effect of feedstock, using RPS requires higher energy than PFAD. 

Fig. 5 Comparison of energy consumption 

Table 3 illustrates that the primary energy consumer in the process is the heater, accounting 

for 73-78% of the heating duty. This high energy consumption is a consequence of the high-

temperature production process. Implementing heat recovery measures can help mitigate this 

consumption. Additionally, the reactor necessitates cooling utility due to the exothermic nature 

of the green diesel production reaction, which could potentially serve as a heat source to reduce 

overall energy consumption. 

Table 3 Total energy consumption in each unit.

Unit [kW] PH RH PHS RHS 

Heater 483.87 505.38 754.13 729.43 

Cooler -556.00 -634.57 -118.10 -244.61

Reactor -142.50 -236.70 -110.17 -368.59

Distillation 

- Reboiler 128.95 190.14 254.62 522.64 

- Condenser -95.78 -89.14 -191.77 -305.38
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4. Conclusion

The BHD production from hydro-processing process was simulated using ASPEN Plus and

validated against experimental data obtained from the previous research. The findings indicated 

that recycling the product as a solvent resulted in a reduction in operating pressure but an 

increase in cracking reactions. This, in turn, led to a lower yield of green diesel and a higher 

formation of by-products. Moreover, the recycling of the product had a significant impact on 

the energy consumption of the process. Notably, heating and cooling duties increased due to 

the higher flow rate of substances within the system. It was observed that the efficiency and 

economics of the green diesel production process could be enhanced through heat recovery and 

the optimization of process parameters. 
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Abstract 

Spike signals are often discussed in the context of neuroscience, but it's found that they are also 

encountered in control systems. Both fields share a similarity in that spike signals have a 

common characteristic of immediate and temporary changes in signal amplitude. The difference 

lies in the source of the spike signals and the purpose of detection. In control systems, the 

sources of spike signals can be varied, such as signal interference, environmental factors like 

temperature changes or vibrations, sensor defects or damage like sensor degradation or 

calibration issues, etc. The purpose of detecting spike signals in control systems is to find and 

eliminate them, as spike signals can have several detrimental effects on the control system. For 

example, they can introduce incorrect data into control circuits, result in inaccurate 

measurements and feedback, leading to inappropriate control outcomes or overreactions that 

cause the system to become unbalanced and less efficient. This work presents a new method 

using LSTM or Neural Network (NN) models for detecting spikes and noise signals, and for 

replacing these signals in second-order systems. 

Keywords: Long Short-Term Memory (LSTM), second-order systems, spike signals 

1. Introduction

Spike signals are often discussed predominantly in neuroscience literature. However, it is

found that spike signals are also encountered in the field of control systems. When discussing 

the similarities and differences of spike signals in each domain, the similarity lies in the fact 

that spike signals exhibit immediate and temporary changes in the amplitude of the signal. The 

difference lies in the origin of the spike signal and the objective of the detection. 

In the field of neuroscience, the source of spike signals by (Lewicki, 1998) can be identified 

as the result of neural cells communicating with each other in the nervous system. The objective 

of spike detection is to gain a fundamental understanding of neural activity that occurs in the 

nervous system. Spike detection allows researchers to detect and analyze electrical signals or 

spikes originating from individual neural cells. By studying these spikes, researchers can gain 

insights into the functioning of neural networks, information processing within the nervous 

system, and internal communication within the brain. Spike detection is crucial for tasks such 

as neural mapping, studying neural encoding mechanisms, and investigating the effects of 

various stimuli on neural activity. The algorithms used for spike detection in different fields are 

often categorized or classified based on their characteristics. by (Brendel et al., 2020; Nenadic 

& Burdick, 2005; Xia & Ni, 2018; Zhang et al., 2022) 
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In the field of control systems, spike signals can have multiple causes. These include 

electromagnetic interference (EMI), environmental factors such as temperature changes or 

vibrations, sensor defects or damage, and calibration issues. The objective of spike signal 

detection in control systems is to detect and eliminate them from the signal because spike 

signals can have various detrimental effects on control systems. For example, they can 

introduce incorrect data into the control circuit, leading to inaccurate measurements and 

feedback. This can result in inappropriate control responses, system imbalance, and reduced 

efficiency. Spike signals can also lead to errors in estimating system parameters. Additionally, 

they can trigger false alarms or unnecessary corrective actions, increasing operational and 

maintenance costs. affecting the quality, accuracy, and efficiency of control. The algorithms 

used for spike signal detection in this field are aimed at detecting and removing or reducing 

spike signals to minimize their undesired impact on control systems. 

In the field of research, various algorithms have been developed for spike signal detection, 

including the "depiking" algorithm by (Feuerstein, Parker, & Boutelle, 2009). This algorithm 

consists of two steps: spike position identification and time interval segmentation. The 

identified spikes are then replaced with new values using a quadratic SG filter. the main 

characteristic of the "depiking" algorithm is the detection of spike signals and the prediction of 

their values to replace the designated spike regions. Additionally, Kalman filtering is employed 

by (Park et al., 2019), which involves predicting the current state based on the estimated state 

from the previous time step. The predicted value is then combined with the sensor 

measurements using a Kalman gain to determine the estimated state at the current time. 

However, both Kalman filtering and quadratic SG filter have their limitations. In the case of 

quadratic SG filtering, it is a filtering technique that considers data within a specified window. 

It also relies on linear modeling, which may limit its ability to capture complex relationships or 

non-linear behaviors in the data. On the other hand, Kalman filtering poses challenges in model 

identification and tuning, and its equations assume a Gaussian distribution of noise. If the 

system exhibits non-linear behavior or the noise does not follow a Gaussian distribution, it may 

degrade the filtering performance of Kalman filtering.

This work presents a novel approach utilizing LSTM or Neural Network (NN) models for 

spike and noise detection, as well as the capability to replace signals that are free from spikes 

and noise in a second or third-order system. 

2. Materials And Methods

2.1. Data 

2.1.1. Actual signals of the system 

The data used is simulated from two first-order equations for calculating the energy balance 

of hot and cold fluids in a heat exchange. It describes the temperature change in the system over 

time. For the hot fluid or hot stream, the rate of temperature change depends on the sum of the 

impact of heat loss to the cold fluid and the impact of the inflow of the hot fluid. For the cold 

fluid or cold stream, the rate of temperature change depends on the sum of the impact of heat 
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gain from the hot fluid and the impact of the inflow of the cold fluid. The temperature data for 

both the hot and cold streams were simulated with 15,000 samples each, as shown in Fig. 1. 

Fig. 1 Actual signals of the system. 

2.1.2. Spike signals 

In the context of control systems, the characteristics of spike signals are scrutinized for their 

transient, sharp nature, which significantly differentiates them from standard operational 

signals. These spikes, marked by a sudden increase in signal amplitude followed by a rapid 

decrease, are often the result of external disturbances such as electromagnetic interference, 

sensor defects, or environmental changes. The precise identification and subsequent analysis of 

these spikes are critical for maintaining system integrity and performance.  

In the simulation of spike signals, it involves randomization both in the location of the spike 

occurrence and in the size of the spike signal. The number of spikes depends on the amount of 

real signal data of the system, and the size is randomly within a specified range of signal sizes. 
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Fig. 2 Position and magnitude of spike signals. 

2.2. LSTM model 

2.2.1. Structure and Equation of LSTM model 

From the figure 3, it shows the computational structure of an LSTM layer with three 

inputs: the current time input data (xt), the previous time step's cell state (ct-1), and the previous

time step's hidden state (ht-1). Within the LSTM, there are six equations being calculated: the

forget gate (ft), the input gate (it), the output gate (ot), the temporary cell state (c-
t), the current 

cell state (ct), and the current hidden state (ht), as described by the equations for 1,2,3,4,5 and 6 

respectively. The output consists of both the current cell state (ct) and the current hidden state 

(ht), which are then passed on to the fully connected layer (both the LSTM and the fully 

connected layer are part of the same layer called the hidden layer). The output from the fully 

connected layer is further processed in the output layer. It undergoes multiplication with 

weights and biases and passes through an activation function in that layer. The resulting output 

is then subjected to linear transformation to become the predicted output or the desired value 

we aim to predict. 

𝑓𝑡 = 𝜎(𝑊𝑓𝑥𝑡 + 𝑈𝑓ℎ𝑡−1 + 𝑏𝑓)         (𝑓𝑜𝑟𝑔𝑒𝑡 𝑔𝑎𝑡𝑒)        (1)  

𝑖𝑡 = 𝜎(𝑊𝑖𝑥𝑡 + 𝑈𝑖ℎ𝑡−1 + 𝑏𝑖)         (𝑖𝑛𝑝𝑢𝑡 𝑔𝑎𝑡𝑒)        (2)  

𝑜𝑡 = 𝜎(𝑊𝑜𝑥𝑡 + 𝑈𝑜ℎ𝑡−1 + 𝑏𝑜)        (𝑜𝑢𝑡𝑝𝑢𝑡 𝑔𝑎𝑡𝑒)        (3)  

𝐶𝑡̅ = 𝑡𝑎𝑛ℎ(𝑊𝑐𝑥𝑡 + 𝑈𝑐ℎ𝑡−1 + 𝑏𝑐)  (𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 𝑐𝑒𝑙𝑙 𝑠𝑡𝑎𝑡𝑒)  (4) 

𝐶𝑡 = 𝑓𝑡 ∗ 𝐶𝑡−1 + 𝑖𝑡 ∗ 𝐶𝑡̅        (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑒𝑙𝑙 𝑠𝑡𝑎𝑡𝑒)        (5)  

ℎ𝑡 = 𝑜𝑡 ∗ 𝑡𝑎𝑛ℎ(𝐶𝑡)        (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ℎ𝑖𝑑𝑑𝑒𝑛 𝑠𝑡𝑎𝑡𝑒)  (6)  

W denotes the weights for inputs, U represents the weights for recurrent connections, 

and b is the bias component. The symbols f, i, and o are used to identify the forget gate, input 

gate, and output gate, respectively. The sigmoid function, denoted by σ, acts as the activation 

function for these gates, limiting values within the range of 0 to 1. Similarly, the hyperbolic 

tangent function, or tanh, serves as another activation mechanism, compressing values to fall 

between -1 and 1. Both activation functions play a crucial role in enhancing the network's non-

linearity, as described by the equations for 7 and 8  respectively. 
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𝜎(𝑥) =
1

1+𝑒−𝑥  (sigmoid function)        (7)  

𝑡𝑎𝑛ℎ(𝑥) =
𝑒𝑥 − 𝑒−𝑥

𝑒𝑥 + 𝑒−𝑥
 (hyperbolic tangent function)  (8) 

Fig. 3 The typical structure of LSTM (Song et al., 2020) 

2.2.2. Data Preprocessing 

The dataset used to train and test the model comprises a combination of real system 

signal data and spike signal data. This dataset is divided into 70% for training data and 30% for

testing data. Both the training and testing data sets must undergo normalization using a min-

max scaler, fitted with the minimum and maximum values from the training data. Subsequently, 

the training and testing data sets are used to define features and labels before being utilized for 

further model training, as depicted in Fig. 4.

The benefit of normalizing the dataset before training with an LSTM model is a crucial 

step that helps the training process proceed efficiently and yields better results. The main 

benefits of normalization are as follows: scaling the data appropriately and bringing various 

values into a similar range helps mitigate the issue of uneven data distribution. This, in turn, 

can reduce training difficulties and time. Additionally, normalization ensures that the model's 

weight updates occur at a consistent rate, reducing the likelihood of problems such as gradient 

vanishing or exploding gradients. These are common issues in models using Recurrent Neural 

Network (RNNs) and LSTMs due to their sensitivity to data variations. Normalization enables

LSTMs to learn and memorize data more effectively without encountering these problems. 

Ultimately, this leads to the development of more accurate and efficient predictive models. 
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Fig. 4 Normalization of train data and test data.

2.2.3. Model Design and Selection 

The criteria for selecting LSTM models are based on the characteristics of the time 

series data, which have complex sequential relationships, and the task's objective to detect and 

replace states with spikes and noise. LSTMs surpass in managing long-term dependencies 

within time series data, unlike traditional Recurrent Neural Network (RNNs) that encounter the

vanishing gradient problem, leading to substantial challenges in learning long-term patterns. 

LSTMs are designed with specific gate mechanisms that can retain crucial information for 

extended periods, which are the true states of the system, and discard irrelevant data, which are 

characteristics of spike signals. This ensures a robust capability for memory and prediction. 

This makes LSTMs excel in modeling complex sequential relationships and trends, which other 

models might not capture accurately or might lose predictive efficiency over time. Furthermore, 

LSTMs' ability to mitigate overfitting and underfitting through their complex architecture 

makes them a more reliable choice for analyzing time series datasets, particularly in scenarios 

where accuracy and the capability to predict future states from historical data are essential. This 

advantage emphasizes the rationale for choosing LSTMs for time series prediction tasks, 

highlighting their increased efficiency and effectiveness in handling the complexity of 

sequential data compared to similar models. The selected structure of the LSTM model includes 

three layers in the hidden layer: 1. LSTM layer, 2. LSTM layer, 3. Dense fully connected layer, 

in that order. 

Hyperparameters adjusted to improve LSTM model prediction include units, dropout 

rate, learning rate, batch size, and epochs. Increasing units enhances the model's ability to learn 

complex data patterns but may cause overfitting and longer training times. Conversely, 

reducing units may oversimplify the model, hindering its capacity to capture unique data 

features. Adjusting the dropout rate helps prevent overfitting by randomly dropping neurons, 

with increased rates reducing inter-neuron dependencies but risking underfitting. Conversely, 

decreasing the dropout rate may enable deeper learning but increases the risk of overfitting. 

Modifying the learning rate affects the speed of weight adjustments during training; higher rates 

accelerate training but may destabilize the model, while lower rates slow training but offer 

better stability. Batch size, the data size used in each training step, impacts the precision and 

efficiency of model updates, with larger sizes reducing fluctuations but potentially slowing 

training, and smaller sizes speeding up updates but increasing fluctuations. Finally, epochs, the 

total training rounds, influence the model's learning and performance, with more epochs 
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enhancing learning but risking overfitting, and fewer epochs reducing training time but 

potentially limiting learning. 

2.2.4. Evaluation Metrics 

Mean Absolute Error (MAE) is a metric used to measure the error of a continuous value 

prediction model, particularly emphasizing severe errors or abnormal data. It calculates the 

average error without squaring the errors, preventing excessive weighting of large errors. 

Additionally, MAE provides straightforward insights into the model's quality, making it useful 

for analyzing and comparing prediction accuracy in complex and fluctuating scenarios. 

2.2.5. Implementation Details 

Working in Jupyter Notebook on Anaconda Navigator, operating on a machine 

equipped with an AMD Ryzen 9 4900H CPU, and using Python along with TensorFlow for 

deep learning model development. 

3. Results And Discussions

This research aimed to develop algorithms capable of detecting and replacing states with

spikes and noise in second or third-order systems using LSTM or Neural Network (NN) models. 

The LSTM model was configured with specific hyperparameters including 20 units, a dropout 

rate of 0.1 to prevent overfitting, and a conservative learning rate of 0.00001 to allow for 

gradual convergence.  The model was trained over 30 epochs with a batch size of 20, a size 

determined to balance between computational efficiency and the need for accurate. 

The training results indicate a consistent decrease in loss and mean absolute error , which 

suggests that the model was learning effectively over time. The final epochs displayed a loss of 

0.0328, with the last epoch significantly faster due to the completion of the training loop. This 

steady decline in error metrics illustrates the model's capacity to adapt to the data's patterns 

while also inferring the underlying system dynamics. 

Fig. 5 The results of the prediction are compared with the actual values of the system. 
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From the figure 5, LSTM model are presented in two separate plots, comparing the 

predictions made by the LSTM model against the actual system values. The first plot illustrates 

the model's performance on data without the presence of spikes (cold data), indicating a close 

match between the predicted and true values. This demonstrates the model's capability to 

accurately replicate the normal behavior of the system. 

These findings underscore the LSTM model's potential in enhancing the reliability of 

control systems by providing a mechanism to detect anomalies and replace them with predicted 

states that are free from spikes and noise. However, the research also acknowledges the model's 

limitations, particularly when facing highly erratic or non-linear noise distributions. Future 

work may explore the integration of more complex or hybrid models to further improve the 

accuracy and reliability of spike and noise detection in dynamic systems. 

This research contributes to the field by offering a novel approach to managing spikes and 

noise, which are pervasive issues in control systems. By employing LSTM models, we have 

demonstrated that it is possible to not only detect these anomalies but also to predict and replace 

them with high fidelity, thereby ensuring the integrity and performance of the controlled 

system. The results encourage continued exploration into advanced neural network 

architectures for even more resilient and adaptive control system applications. 

4. Conclusion

This study aimed to develop LSTM algorithms for detecting and replacing noisy spikes in

control systems. Our LSTM model, with carefully tuned hyperparameters, showed a promising 

decrease in loss and MAE during training, indicating a strong learning capacity. 

The findings affirm the LSTM's potential in stable environments but also highlight the need 

for further refinement for complex conditions. Future efforts should focus on enhancing the 

model's robustness against extreme variations. In essence, this research marks a step forward in 

the application of LSTM models for improving control system reliability. 
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Abstract 

The conventional process to produce the furfural from bagasse was modified in this work. The 

sections of reaction and separation were combined to reduce the fixed capital cost and the 

energy consumption. The separation process with three simple distillation columns to purify 

the furfural proposed by Silva et al. was referred for the synthesis of the prototype process. 

Some process parameters such as number of stages, reflux ratio, and steam flow rate were varied 

by sensitivity analysis of Aspen Plus program. The furfural product with 99 wt% purity was 

obtained by the prototype process. The process intensification via reactive distillation (RD) and 

reactive-azeotropic dividing wall column (RDWC) was investigated. After tuning the suitable 

parameters, both modified processes can maintain a 99 wt% purity of the furfural with high 

product recovery and decrease about 86% of the usage of cold utility. Economic indicators 

including total capital cost (TCC), total operating cost (TOC), net present value (NPV), internal 

rate of return (IRR), and discounted payback period (DPP) were evaluated. The TCC savings 

of the RD and RDWC processes were 37.4 and 68.6%, respectively. However, both modified 

processes showed about 26% increase of the TOC. The NPV, IRR and DPP showed positive 

results after modification and therefore an investment to modify the furfural production process 

was promising. 

Keywords: Furfural production process; Reactive-azeotropic dividing wall column; Economic 

evaluation; Aspen Plus program. 

1. Introduction

Furfural is generally produced by the dehydration of five-carbon sugar derived from

lignocellulosic biomass such as xylose and arabinose [1]. It can be utilized in a wide range of 

industries such as pharmaceuticals, plastics, pesticides, oil refining [2-4]. The conventional 

process of furfural production commonly consists of four major steps: hydrolysis of 

hemicellulose into xylose, dehydration of xylose into furfural, furfural recovery, and 

purification in sequential order [5]. This process shows high energy consumption and high 

amount of steam utility. In addition, the furfural and water form an azeotrope, which 

necessitates complex separation via many unit operations [6]. One of alternative ways to 

improve the process is an intensification that is a process design leading to smaller, cleaner, 

safer, and more energy-efficient process technology such as reactive distillation and dividing 

wall distillation columns [7]. In this work, two interesting intensified configurations consisting 

of a reactive distillation (RD) and a reactive-azeotropic dividing wall column (RDWC) were 

investigated to compare with the conventional process. All processes were simulated using 

Aspen Plus program. The economic indicators and the energy consumption were basically 

evaluated. 
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2. Materials and Methods

In this work, all of process flowsheets were simulated using Aspen Plus Program V8.8. The

conventional process consisted of two sections including the reaction and separation sections. 

In the reaction section, the CSTR model was simulated using the kinetic expression referred by 

the work of Chen et al. [8]. In the separation section, three distillation columns with the RadFrac 

model were simulated using thermodynamic model of NRTL to predict immiscible liquid 

phases. This conventional separation flowsheet was obtained from Silva et al. [9]. Both sections 

were initially verified and some parameters were adjusted to improve the performance of the 

process. This was so-called the prototype process. After improvement, the process was 

modified by two intensified configurations, a reactive distillation (RD) and a reactive-

azeotropic dividing wall column (RDWC). After modification, the economic indicators 

including total capital cost (TCC), total operating cost (TOC), net present value (NPV), internal 

rate of return (IRR), and discount payback period (DPP) were evaluated. 

3. Results and Discussion

The process flowsheets of both reaction and separation sections were simulated and

verified. For the reaction section, the decomposition of xylose to furfural and water was 

occurred. The homogeneous catalyst for this reaction was the acetic acid. The reaction rate was 

shown as follows: 

(−𝑟𝑥𝑦𝑙𝑜𝑠𝑒) = [6.216 × 108𝑒𝑥𝑝 (−
108.6

𝑇
)] 𝐶𝑥𝑦𝑙𝑜𝑠𝑒 

the xylose conversion obtained by our simulation results was slightly different from the 

experimental data reported by Chen et al. [8]. An error was about 6%. Figure 1 shows the 

flowsheet of the conventional separation process consisting of three distillation column and a 

decanter. The concept of this system was similar to heterogeneous azeotropic distillation 

process. The simulated feed components consisted of furfural, acetic acid, formic acid, 

methanol and water. The steam was injected to the C-101 column in order to reduce the energy 

consumption. The methanol was separated by the C-102 column and the furfural product was 

purified by the C-103 column. The remaining chemicals was removed as the waste water at the 

bottom of the C-101 column. Our simulation results were rather similar to the data reported by 

Silva et al. [9]. The purity of the furfural product was approximately 98.5 wt%. 

Fig. 1 The flowsheet of the conventional separation process. 
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After verification of both sections, the data of the feed stream was changed. Two feed 

streams were sugarcane bagasse hydrolysate and purified acetic acid. The 10000 kg/h of 

sugarcane bagasse hydrolysate consisted of 2.1 wt% xylose, 97.4 wt% water, 0.4 wt% acetic 

acid and 0.1 wt% furfural. The mass ratio of the sugarcane bagasse hydrolysate stream and the 

purified acetic acid stream was about 47. The acetic acid was added to be both homogenous 

catalyst and entrainer. The residual curve map of furfural, water and acetic acid is shown in Fig. 

2. Based on the NRTL model, the azeotrope of mixture of furfural and water was about 35 wt%

of furfural. An immiscible area in the residual curve indicated the possibility to overcome the

limitation of a simple distillation by the concept of heterogeneous azeotropic distillation

process.

Fig. 2 The residual curve map of the system of furfural, water and acetic acid. 

The reaction and separation sections were connected and simulated by the above feed 

stream. Because of the different feed components, it was found that after simulation the furfural 

was lost to the top of the C-102 column. Hence, the conventional separation process was 

adjusted by removing the C-102 column out of the process flowsheet. To achieve high purity 

of the furfural product, some parameters were adjusted to improve the performance of the 

process. The adjusted process flowsheet was so-called the prototype process as shown in Fig. 

3. The production rate in this process was 108.8 kg/h with 99 wt% purity of the furfural.

Fig. 3The flowsheet of the prototype process with both reaction and separation sections. 
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The RD process to combine the reaction and separation sections is shown in Fig. 4. 

Sugarcane bagasse hydrolysate and acetic acid were fed into RD column for simultaneous 

reaction and separation. A mixture of the furfural and the water was recovered at the top of the 

RD column. The decanter and the DC column were used to purify the furfural product. The 

RDWC process was operated by a single column with an inside partition wall [10] as shown in 

Fig. 5. This column was divided into three sections consisting of reaction section (C1), 

rectifying section (C2) and purification section (C3).  By simulating the process flowsheet of 

the RDWC process, the dividing wall column was represented by the three columns of the 

RadFrac model. The height of the wall was determined to balance the number of stages of two 

sides in the single column. Some parameters of the dividing wall column were adjusted to 

control a suitable composition of a stream entering the decanter. 

Fig. 4 The flowsheet of the reactive distillation (RD) process. 

Fig. 5 The flowsheet of the reactive-azeotropic dividing wall column (RDWC) process. 

After simulation of both intensified processes, the sensitivity analysis to study the effect of 

some parameters on the process performance was also made. The simulation results of both 

intensified processes after the sensitivity analysis were compared to those of the prototype 

process as shown in table 1. Considering the energy consumption including heat duties of 

condenser and reboiler, both intensified processes can reduce both hot and cold utilities as 

shown in Fig. 6, especially a decrease about 86% of the usage of cold utility. All of the cold 
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utilities were only the cooling water. The hot utilities were low-pressure and medium-pressure 

steam in the prototype process, were medium-pressure and high-pressure steam in the RD 

process and high-pressure steam and hot oil in the RDWC process. The different cost of each 

utility was already used for economic evaluation. 

Table 1. The simulation results of the prototype, RD and RDWC processes. 

Simulation results Prototype RD RDWC 

Xylose conversion (%) 69.8 85.8 85.8 

Production rate (kg/h) 108.8 126.0 126.0 

Furfural purity (wt%) 99.0 99.0 99.0 

Furfural recovery (wt%) 99.5 99.5 99.5 

Fig. 6 The energy consumption in the prototype, RD and RDWC processes. 

Figure 7 shows the total capital cost (TCC) and the total operating cost (TOC) of three 

processes. The sources of equipment cost data for evaluating the TCC were obtained by Aspen 

Process Economic Analyzer V9.0. The operating hour per year was 8760 h/y. The investment 

for the RDWC process was cheaper than that for the prototype and RD processes. This implied 

that the purchase cost of the single dividing wall column was lower than that of two columns. 

However, the disadvantage of both intensified processes was more expensive operating cost 

than the prototype process. This was due to complex operation in the special columns. The 

economic indicators including net present value (NPV), internal rate of return (IRR), and 

discounted payback period (DPP), was evaluated as shown in Figs 8 and 9. The discount rate 

of return was assumed to be 10% for calculating the DPP and NPV. The project life time was 

fixed as 20 years for calculating the IRR. It indicated that it was totally worth to invest the 

RDWC process. This process showed a positive NPV and the payback of investment in a short 

time. Also, the IRR was rather high. 
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Fig. 7 (a) The total capital cost and (b) The total operating cost for three processes. 

Fig. 8 The net present value for three processes. 

Fig. 9 (a) The internal rate of return and (b) The discount payback period for three processes. 

4. Conclusion

The modification of the furfural production process was focused in this work. Two

intensified process including reactive distillation (RD) and reactive-azeotropic dividing wall 

column (RDWC). Both processes were compared to the prototype process, which was 

developed from the conventional process consisting of reaction and separation sections 

proposed by Chen et al. [8] and Silva et al. [9]. After simulation and sensitivity analysis, all 

processes can produce the furfural product with a 99.0 wt% furfural purity. Although all 
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processes showed the same furfural recovery (99.5 wt%), the production rate of both intensified 

processes was significantly higher than that of the prototype process. This affected directly the 

profit. The economic considerations including net present value (NPV), internal rate of return 

(IRR), and discount payback period (DPP) indicated a worth to invest the intensified process, 

especially the RDWC process. However, a high operating cost involving the complex operation 

of a single column with an inside partition wall to support a simultaneous reaction and 

separation was concerned. 
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Abstract 

A new hollow fiber membrane consisting of a porous support layer and a dense selective 

layer was developed for CO2 separation process. Before industrial application, new membranes 

must undergo rigorous testing in an enhanced laboratory or a pilot scale, which requires well-

equipped facilities and can be costly as well as time-consuming. Modeling and simulation 

provide a more practical and less costly way to initially test these membranes, avoiding the 

physical and financial limitations of traditional experimental approaches. This research 

introduced a mathematical model to describe the separation behavior of hollow fiber 

membranes operated in a shell-side feed and counter-flow configuration. The succession-of-

state method together with the bisection algorithm were applied to investigate membrane 

performance and product quality. The models were coded via MATLAB and validated with 

pre-published experimental studies that involve CO2 separation applications data available in 

literature and the experimental studies of CO2/CH4 separation using our developed hollow fiber 

membrane. The result revealed that the mathematical model was unable to adequately describe 

the gas separation behavior in the novel hollow fiber membrane. The discrepancy is attributed 

to the assumptions of the modeling. Moreover, mathematical modeling by the shortcut method 

was insufficient in achieving the acceptable results. The recommendation for further study is to 

apply the full method in order to improve accuracy and ensure the reliability of the model. 

Keywords:  Membrane gas separation; hollow fiber membrane; membrane modeling; 

succession of state 

1. Introduction

Membrane technology has been applied in various applications such as desalination, gas 

separation, water purification, food and beverage processing, and pharmaceutical [1]. Among 

various membrane forms, hollow fiber (HF) membranes have gained prominence in the 

industrial gas separation process nowadays due to their high surface area and cost effectiveness 

especially in a large capacity. These membranes typically comprise two essential layers:  porous 

support layer and a dense selective layer [2]. The porous support layer that enhances membrane 

strength, is usually created through a phase inversion method, and the dense selective layer that 

improves separation efficiency, is often fabricated using the dip-coating technique [3]. 

The transition from laboratory development to commercial-scale production of hollow fiber 

membranes is critical yet fraught with challenges. Laboratory experiments associated with 

membrane development are notably time-consuming and expensive, and scaling up these 

membranes presents significant hurdles in fabrication and optimizing operational conditions. 
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To address these limitations, mathematical modeling emerges as a crucial tool. It bypasses 

experimental constraints and enables efficient estimation of membrane performance.  

The modeling of hollow fiber membrane  has been conducted by Lock et al. [4]. Modeling 

of countercurrent flow configuration was modeled using Fick’s law of diffusion to describe 

mass transport for the gas separation behavior in hollow fiber membrane. The succession of 

state method was applied to simplify membrane calculation. Additionally, the non-linear 

counterflow model utilized the bisection algorithm, by which the model’s solution is 

numerically determined. 

This study aims to leverage a mathematical model to elucidate the behavior of the novel HF 

membranes in application of CO2 separation. The models were calculated and implemented 

using MATLAB. Furthermore, the model's accuracy is affirmed through comparison with 

existing literature and further validated against our experimental data. This approach 

underscores the model's robustness and reliability, offering valuable insights into the 

membrane's efficacy in gas separation. 

2. Methods

2.1 Transport mechanism 

The solution diffusion model has been widely utilized to elucidate the transport mechanism 

occurring in hollow fiber membranes [5]. This model comprises three distinct steps that 

facilitate the separation of gases through the membrane. First, all feed gas molecules are 

absorbed into the membrane, a crucial initial stage in the process. Following absorption, gases 

undergo diffusion through the membrane material, driven by concentration gradients. This 

diffusion process enables the transport of gas molecules from the region of higher concentration 

within the membrane to the regions of lower concentration outside the membrane. In the final 

step, some selectively permeable gas species pass through the membrane, referred to as the 

permeate, while the remaining gases are retained on the feed side, known as the retentate. The 

permeate, now enriched with the selectively transported gases, is collected on the other side of 

the membrane, resulting in the desired separation outcome. In other words, the membrane gas 

separation mechanism can be explained by the principle known as “Fick’s law of diffusion” 

where the driving force is partial pressure difference between the feed side and permeate side 

as shown in Eq. (1) [6].  

y
T,n

VT = Q
n
Am (p

h
xs,n-p

l
y

T,n
) (1) 

where, yT,ndenotes permeate composition of gas n, VT denotes permeate flow rate, Qn denotes 

gas permeance of each component, Am denotes membrane area, ph  denotes pressure at the feed 

side, xs,n denotes retentate composition of gas n, and pl  denotes pressure at the permeate side. 

It is worth mentioning that the solution-diffusion model for gas separation through membranes 

simplifies the process modeling by applying ideal gas law and independent gas actions. It also 

presumes a uniform pressure across the membrane and expresses the driving force for 

permeation as merely a concentration gradient. This model neglects alternative transport 

mechanisms, such as pore flow or surface diffusion, and overlooks complex interactions, such 

as concentration polarization and plasticization in polymeric membranes. Yet, these 

simplifications can lead to inaccuracy in predicting the actual transport behavior of gases 

through the membrane [7]. 
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2.2 Succession of state 

Succession of state is a technique that can be applied to solve the membrane differential 

equation. This approach aims to transform the complex differential equation into a series of 

elements.[8] The calculation procedures begin by defining the inlet conditions. The entire 

membrane area is then divided into multiple elements, each with constant driving forces. In 

addition, the succession of state contributes to calculating material balance and mass transfer 

equations to obtain the outlet conditions. Once the outlet condition is obtained, it serves as the 

inlet condition for the next element as shown in Fig. 1. The calculation proceeds sequentially 

through each element until the entire membrane area is accounted for [4-6, 9]. 

Fig. 1 Illustration of criteria using succession of state method 

2.3 Simulation methodology 

2.3.1 Model’s assumptions 

The schematic of flow direction in membrane module is demonstrated in Fig. 2. The 

membrane is operated in the countercurrent flow configuration, in which the feed enters on the 

shell side and flows axially along the membrane's length. Concurrently, the permeate stream 

moves in the opposite direction to the feed, ensuring efficient separation.  

Fig. 2 Schematic of counterflow configuration in membrane module  

To simplify the calculation, the following assumptions are made. 

(1) Gas permeance is constant which is independent of the change in pressure, composition,

and temperature.

(2) The entire process is carried out at a constant temperature, implying isothermal

condition.

(3) The used membrane has no defects, ensuring no mixing occurs between the gas entering

on the shell side and the gas collected on the tube side.

(4) The pressure drop in the shell side is neglected since the flow channel in the shell side is

large and relatively short.
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These assumptions aim to reflect the experimental setup for model verification and the 

conditions anticipated in practical applications. It's important to note that, for simplicity, certain 

parameters are omitted, which may impact the model's accuracy. These considerations will be 

further explored and addressed in the discussion part.  

To analyze the membrane performance more precisely, the method of succession of states is 

employed. The membrane area is segmented into defined elements. Each segment is assigned 

an index 'j'. This indexing helps to accurately identify and describe each segment's position 

along the membrane's longitudinal direction, facilitating detailed analysis and modeling of the 

membrane's behavior.  

2.3.2 Workflow of calculation 

The workflow in Fig. 3 illustrates the procedure of calculation applied in the study reported 

by Lock et al. In this study, we primarily focus on shortcut calculation due to their efficiency 

and computational simplicity. The modeling process begins with the utilization of simple 

equations and algorithms. In the algorithm, the calculation begins with providing the necessary 

inlet conditions (e.g., feed gas composition as xF, feed flow rate as VF, pressure between feed 

and permeate side, gas permeance, packing density, and membrane area after divided into the 

number of elements)  

Fig. 3 The workflow of the membrane calculation 

In the counter flow mathematical model, it is crucial to start with an initial guess regarding 

the gas composition on the permeate side at the entry point of the feed gas into the module—

specifically, at the first element (j=1). This necessity arises because the composition of the gases 
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at this juncture is initially unknown, a situation illustrated in Fig. 4 [4, 9]. One effective 

technique for solving this is the bisection method. This process of interval division is repeated, 

narrowing down the search range until a sufficiently precise solution is achieved within a 

predetermined tolerance level. This method provides a reliable means of approximating the 

initial conditions necessary for the counterflow model, ensuring accuracy in the simulation of 

gas permeation through the membrane [4, 9].  

Fig. 4 Schematic of crossflow membrane as an initial guess for counter flow modeling.  

The simulation algorithm starts with guessing the permeate composition at the first 

component. The initial guessing interval of permeate composition at the feed side should fall 

between the composition of the feed gas and a maximum permeate composition, which is set at 

1.Local stage cut, θ*, can be determined by the mass transfer equation using Fick’s law of

diffusion as shown in Eq. (2). In other words, the local stage cut is the ratio of the permeate

flow rate, VT, to the feed flow rate, Vs. The permeate flow rate is calculated using Eq. (3). The

other permeate gas compositions can be calculated in Eq. (4). The further step is the summation

of all gas permeate compositions depicted in Eq. (5) which must equal to one as shown in Eq.

(6).
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sum = ∑ y
T,n

[j]N
n=1   (5) 

δ = sum – 1    (6) 

δ  ≤ ∈   (7) 

The simulation iterates Eq. (2) to Eq. (6) until the tolerance is satisfied – the tolerance limit 

of ∈ = 0.00001 is set in accordance with Eq. (7). After obtaining the outlet results at the first 

element, it becomes the input condition for the next element. The simulation algorithm for the 

subsequent element is almost identical to that of the first element, with the exception of the 

174



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

interval used to guess the initial gas permeate composition. It is crucial to note that the boundary 

condition for the next element must lie between the retentate and the permeate compositions 

from the previous element. This iterative process continues throughout the entire membrane 

area. After obtaining preliminary results using the shortcut method, it's necessary to adjust 

certain parameters for more accurate calculation. First, refining the estimates for retentate and 

permeate compositions using the material balance equations, as presented in Eqs. (8) and (9). 

Subsequently, these revised compositions are used to calculate the new flow rates for both 

retentate, Vs(new), and permeate, VT(new). These calculations incorporate the accumulated 

permeate flow rate from the preceding element, as shown in Eqs. (10) to (12). The calculation 

starts at the feed side denoted as the first element and continues to the final element at the 

retentate end.

xs,n (new)[j] = 
xs,n(old)[j-1]Vs(old)[j-1]+AmQnplyT,n(old)[j]

Vs(old)[j]+AmQnph

(8) 

y
T,n (new)

[j] =
yT,n (old)

[j+1]VT(old)[j+1]+AmQnplxs,n(old)[j]

VT(old)[j]+AmQnpl

(9) 

∆Vnew= ∑ Q
n
A

m
(p

h
x

s,n(new)
[j]-p

l
y

T,n(new)
[j])N

n=1 (10) 

Vsnew[j] = Vsnew[j-1] - ∆Vnew   (11) 

VTnew[j] = VTnew[j+1] + ∆Vnew (12) 

This iterative procedure is repeated until the changes in the component flow rates of both 

permeate and retentate fall within the specified tolerance limit, i.e., ∈ = 0.0001 as provided in 

Eqs. (13) and (14). 

|
yT,n(new)

[1]VT(new)[1] - yT,n(old)[1]VT(old)[1]

yT,n(old)[1]VT(old)[1]
| < ϵ (13) 

|
xs,n (new)[x]Vs(new)[x] -xs,n (old)[x]Vs(old)[x]

xs,n (old)[x]Vs(old)[x]
| < ϵ  (14) 

2.4 Experimental conditions 

To assess the accuracy and the dependability of the mathematical model, it is essential to 

demonstrate that the model's prediction closely aligns with the experimental data, maintaining 

an error margin within acceptable accuracy. Validation is conducted through a comparison with 

the published experimental results of CO2 separation processes using hollow fiber membranes 

[10].Furthermore, to verify the model's robustness, we compared its prediction against 

experimental data obtained from own developed hollow fiber membranes. Tables 1 and 2 

illustrate input parameters from the experimental studies for the model validation.  
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Table 1 The experimental parameters from literature study for model validation [10] 

Experimental parameters in literature 

Gas separation process CO2/CH4/O2 

Feed flow rate (l/min) Vary from 1.5 to 5 l/min 

CO2 permeance (GPU) 77.8 

CH4 permeance (GPU) 2.1 

O2 permeance (GPU) 17.9 

feed composition 34.5/64.5/1 

Packing density 50% 

Membrane module diameter (mm) 0.8 

Length of hollow fiber membrane (cm) 38 

Pressure at feed side (bar) 9 bar 

Pressure at permeate side (bar) 1.1 bar 

Table 2 The experimental parameters from CO2 separation our developed hollow fiber 

membrane for model validation 

Details for membrane module 

Gas separation process CO2/CH4 

Membrane material PDMS (polydimethylsiloxane) 

Membrane Module 
Two opened ends using He as carrier gas 

feed at permeate stream. 

Membrane module area (cm2) 2500 

Experimental parameters 

Feed flow rate (ml/min) 500 

CO2 permeance (GPU) 29.1-49.7 

CH4 permeance (GPU) 28.7-30.8 

feed composition 50/50 

Packing density 50% 

Membrane module diameter (cm) 3.5 

Length of hollow fiber membrane (m) 0.14 

Pressure at feed side (bar) Vary from 1 bar to 2 bar 
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Pressure at permeate side (bar) 1 bar

3. Results and Discussion

Makaruk and Harasek utilized hollow fiber membrane in order to separate CO2 from the 

gas mixture consisting of CO2, CH4, and O2 [10]. In addition, they studied the effect of feed 

flowrate (1.5 - 5 l/min) on the amount of CH4 as a product in the retentate stream. Figure 4 

showcases a comparison between the outcomes of model simulations and the experimental data 

from literature studies [10]. The findings reveal that utilizing a shortcut method for modeling 

does not adequately validate the experiments. This inadequacy stems from the shortcut 

method's reliance on an initial guess of crossflow in the counterflow modeling. As mentioned 

in section 2.3, the purpose of the criteria for the crossflow initialization is to circumvent the 

complication in counterflow mathematical model [4]. At the initial stage when the feed gas 

enters the module, the permeation is influenced by the composition of the gas that has already 

permeated. Nevertheless, this information is initially not defined. To achieve more precise and 

consistent results with the experimental data, the study suggests moving towards the full 

algorithm, which is currently in progress. The full algorithm was provided for adjusting 

parameters to calculate mass balance and mass transfer within the membrane element, aiming 

to obtain more accurate and reasonable results in a counterflow configuration. 

Fig. 5 Model validation with pre-published experimental studies [10] 

From the experimental study using developed hollow fiber membrane for CO2/CH4 

seperation, The effect of feed pressure on the product quality (methane purity) illustrate in Fig. 

5. In general, methane purity can be determined by the amount of methane in the retentate

stream over the total retentate flow rate. Increasing feed pressure implies a higher driving force,

leading to increased CO2 removal from the gas stream. Therefore, the methane product on the

retentate stream will be purer [6]. However, the simulation results indicate that methane purity

is not influenced by the change in feed pressure. This variation can be attributed to multiple

factors, including the assumptions made within the mathematical model and and the distinct

characteristics of the membrane module housing use in our experiment. In certain mathematical

models, it is common to assume membrane gas permeance to be constant in order to simplify

calculation. However, the operating conditions, which are transmembrane pressure
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temperature, including specific capabilities of each polymer for separation influcene the change 

of  gas permeace [2]. Additionally, simulation methods often ignore the behaviors of 

multicomponent gas mixtures, relying instead on calculations with pure gases, which may not 

accurately reflect actual membrane performance [11]. Another reason for the deviation between 

simulation and experimental results is the distinct characteristics of the membrane module 

housing. This difference is particularly notable between the assumptions made in the 

simulation, as depicted in Fig. 2, and the setup used in our experiment. In the simulation, there 

is no inlet permeate stream in the membrane module housing, while helium (He) is applied as 

the carrier gas introduced at the inlet of the permeate stream in our experimental study. This 

variability in the experimental setup compared to the simulation assumptions can lead to 

discrepancies in results. The suggestions for the further study are to modify the assumptions of 

the mathematical modeling. Applying the non-ideal effect, including gas permeability which 

depends on operating parameters and also applying the correlation between the gas mixture will 

improve membrane perfomance estimation and accuracy of the calcultion [12]. 

Fig. 6 Model validation with CO2/CH4 experiment data using the 

novel hollow fiber membrane 

4. Conclusion

The utilization of mathematical model to simulation saves time and effort compared to

experimental approaches. In this study, the succession of state method along with the bisection 

method are applied to describe the behavior of the developed hollow fiber membrane for CO2 

separation processes. However, the simulation results after experimental validation 

demonstrate that the current modeling method is insufficient for accurate description, 

particularly the quantification of membrane performance. For further studies, it is essential to 

continue with the full method algorithm and adjust the model assumptions that influence the 

accuracy of the results. This adjustment is necessary to ensure that the model can better fit with 

experimental studies and improve the robustness of the mathematical modeling. 
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Abstract 

Thunbergia laurifolia Lindl. or Rang Jued is a local Thai plant that belongs to Acantaceae 

family. It was widely used as herbal Thai tea or medical treatment. Moreover, this plant has 

been reported that the extracts of leaves had antioxidants which were phenolic compounds. In 

this work, the antioxidant activity of T. laurifolia leaves was investigated under subcritical 

conditions. The preliminary extraction was prepared by various amounts of T. laurifolia powder 

between 0.1 to 0.5 grams, extraction temperature between 160 to 240°C, and extraction time 

between 1 to 9 minutes. Subcritical extraction technique was applied with 99.9% ethanol as a 

solvent. The total phenolic content (TPC) was evaluated by using the Folin-Ciocalteu method 

with UV-visible spectrophotometer at 750 nm. The results indicated that the effect of 

temperature and time affected the TPC. The highest TPC obtained was 45.42 mg GAE per g. 

The optimum condition was at 0.1:50 of TL:EtOH, 240°C of temperature, and 1 min of reaction 

time. 

Keywords:  Thunbergia laurifolia Lindl.; Subcritical Fluid; Extraction; Antioxidant; Total 

Phenolic Content. 

1. Introduction

Thunbergia laurifolia Lindl. or Rang Jued is a local Thai plant that belongs to Acanthaceae

family. Moreover, T. laurifolia is called laurel clock vine because the shape of flowers is 

trumpet shaped. The flowers have three colors consisting of white, yellow, and purple. The 

purple flower has been reported that there were several pharmacological properties particularly 

from the whole plant: stems, roots, and leaves [1-3]. In Thailand, T. laurifolia is widely 

processed into by-products in the form of herbal tea, powder, and capsules. According to the 

by-products, most of them were advised by Thai medical doctors for patients who suffer from 

alcohol, drugs, and addictive behaviors including food poisoning [4]. The leaves extract has 

been reported to have several biological properties for example 1. The anti-inflammatory 

properties have investigated, and it was found that the efficiency of T. laurifolia leaves extract 

with aqueous solution has higher efficiency than Garcinia mangostanarind extract, 2. The anti-

diabetic; the previous study injected an aqueous leaves extract into diabetic rats where results 

showed a decreasing level of blood glucose, 3. The detoxifying; it has been reported that leaves 

extract reduced some effects of cadmium toxicity and prevented Pb neurotoxicity, and 4. The 

antioxidant properties; T. laurifolia has antioxidants such as phenolic compounds which were 

found in aqueous, ethanol, and acetone extraction. In addition, the T. laurifolia extract has been 

investigated to have a higher yield of TPC and free radical scavenging [2]. 

Furthermore, T. laurifolia extract consists of several phenolic compounds such as 

rosmarinic acid, caffeic acid, gallic acid, quercetin, catechin, or rutin where rosmarinic and 

caffeic acid had higher concentrations [4]. The study shows that rosmarinic acid was the major 
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antioxidant which was found in T. laurifolia. It has been reported that the highest rosmarinic 

acid was 38.82±2.54 mg/g dry weight [5]. Moreover, it was confirmed that rosmarinic acid 

(1896.7±89.3 mg/100 g leaves) and caffeic acid (13.2±0.7 mg/100 g) were dominant 

antioxidants [6]. The polyphenols and antioxidant activity of T. laurifolia were studied in the 

form of an infused tea with various drying conditions. The increment of drying temperature 

increased TPC and TFC significantly as well as DPPH inhibitory effect [4]. However, the 

appropriate drying methods have been proven to help preserve bioactive compounds. Four 

different drying methods were investigated including oven-drying at 50° C and 100°C, freeze-

drying, and ambient air-drying. The results showed that oven-drying at 100° C preserved the 

total phenolic compound better than other methods [6]. 

There were several extraction methods such as Soxhlet, maceration, microwave-

assisted, ultrasound-assisted, supercritical technique, and subcritical technique with different 

types of solvents [7]. The subcritical fluid technique is a novel technique with fluid under a 

critical point but above its boiling point such as 78.3°C ethanol, 100°C water, 64.7°C methanol, 

and 56°C acetone. The advantages of subcritical techniques are shorter extraction time, 

environmentally friendly, and high quality of the extract [8]. The previous studies reported that 

subcritical ethanol extraction of oil recovering from coconut meal demonstrated higher total 

phenolic content and antioxidant activity than Soxhlet extraction with hexane, which means 

subcritical ethanol extraction is an effective method with good antioxidant properties [9]. 

Additionally, defatted rice bran was studied by extraction with subcritical technique. It has been 

concluded that at the same extraction condition for the length of time, subcritical aqueous 

ethanol was more efficient than subcritical water [10]. From Table 1, the studies exhibited the 

optimum condition and the effective results. Hence, the subcritical technique with T. laurifolia 

has extracted potential and shows the effectiveness of the extract solution. 

In this research, T. laurifolia was selected as a material for subcritical extraction by 

using ethanol as a solvent. The effect of temperature, time, and amount of T. laurifolia powder 

was varied in this study. The amount of TPC was further analyzed to investigate the effect of 

each parameter. 

Table 1. The antioxidant extraction with different methods and plants. 

Methods and Plants Conditions Antioxidant Ref. 

Tea infusion 

T. laurifolia

2 g TL: 300 ml water 

for 30 min 90°C 

TPC 744.8±5.79 mg GAE/L [4] 

Maceration 

T. laurifolia

20 g TL: 200 ml EtOH  

for 72 h room temperature 

Rosmarinic acid 38.82±2.54 

mg/g dry weight 

[5] 

Shaking 

T. laurifolia

1 g TL: 50 ml MeOH 

for 72 h room temperature 

TPC 834.1±32.6 mg 

GAE/100g 

[6] 

Subcritical fluid 

Coconut meal 

8:1 solid to solvent 

for 45 min 100°C 

TPC 47.8 µg GAE/g oil [9] 

Subcritical fluid 

Defatted rice bran 

1.5 g DRB: 75 ml 20%v/v 

EtOH for 5 min 237°C 

TPC 53.5 mg GAE/g bran [10] 
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2. Materials and Methods

2.1. Chemicals and material 

Ethanol 99.99% (C2H5OH), Folin-Ciocalteu reagent, Gallic acid monohydrate 

(C7H6O5·H2O), and Sodium Carbonate (Na2CO3) were purchased from QREC Thailand Asia. 

Thunbergia laurifolia Lindl. (T. laurifolia) leaves were purchased from Sisaket, Thailand. 

2.2. Preparation of T. laurifolia powder 

T. laurifolia fresh leaves were removed from stems and washed with still water until it was

cleaned. After that, spread them on a tray and dried by using hot air-drying oven at 80°C for 

1.5 h with fan speed of 100%. Then, using a mortar and pestle ground them into a fine powder 

and sieve it. 

2.3. Subcritical fluid extraction 

The subcritical extraction was carried out in a stainless-steel reactor. Then, T. laurifolia 

leaves powder ranging from 0.1 to 0.5 g was mixed with 50 ml of EtOH. The reaction 

temperature was performed at 160, 200, and 240°C with the reaction time at 1, 5, and 9 min. 

The approximate heating-up time is 15 min. After the reaction occurred, the vessel was cooled 

down immediately in an ice bath. The extract solution was kept in a glass bottle until further 

analysis. 

2.4. Total Phenolic Content (TPC) analyzation 

The total phenolic content was performed according to Ibrahim et al. (2015) method [11]. 

Each 1 ml of sample was added to the test tube followed by 1 ml of Folin-Ciocalteu reagent 

and samples were left for 5 min. Then, 10 ml of Na2CO3 (7%w/v) was added. After mixing, the 

samples were incubated for 30 min. The absorbance was measured by using UV-visible 

spectrophotometer at 750 nm. Gallic acid was used as a standard for a calibration curve with 

concentrations at 0, 5, 10, 20, 40, 60, 80, 100, 200, and 300 µg/ml (y = 0.0078x +0.0648 with 

R2= 0.996). The TPC was expressed as mg gallic acid equivalent per gram of sample. 

3. Results and Discussion

3.1. Effect of T. laurifolia powders amount 

The experiment was carried out with various amounts of T. laurifolia (TL) powders (0.1, 

0.3, and 0.5 g) with 50 ml ethanol. Table 2 shows the extraction conditions and total phenolic 

content (TPC). The results demonstrated that when the temperature was at 200°C, 1 min 

extraction time, and high amount of TL powder, the TPC decreased from 34.46 to 25.51 mg 

GAE/g. Likewise, at 240°C temperature, 9 min extraction time, TPC was slightly decreased 

from 36.00 to 29.32 mg GAE/g. Therefore, using a high temperature with a lower amount of 

TL increased TPC. Since the solvent volume was fixed so, the higher amount of TL powder 

couldn’t dissolve well in the solvent due to the limited available contact surface. According to 

the previous study, by increasing the solvent amount the substances dissolved more easily than 

by decreasing the solvent amount [8]. 

182



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

Table 2. The subcritical extraction conditions and TPC results. 

Temperature (°C) Time (min) TL:50 EtOH TPC (mg GAE/g) 

160 1 0.1 19.27 

160 1 0.3 24.50 

160 1 0.5 19.62 

160 5 0.1 36.96 

160 5 0.3 19.18 

160 5 0.5 21.62 

160 9 0.1 19.65 

160 9 0.3 35.14 

160 9 0.5 18.01 

200 1 0.1 34.46 

200 1 0.3 29.44 

200 1 0.5 25.51 

200 5 0.1 32.92 

200 5 0.3 27.77 

200 5 0.5 28.43 

200 9 0.1 27.92 

200 9 0.3 31.74 

200 9 0.5 29.51 

240 1 0.1 45.42 

240 1 0.3 35.65 

240 1 0.5 30.74 

240 5 0.1 35.42 

240 5 0.3 30.65 

240 5 0.5 27.01 

240 9 0.1 36.00 

240 9 0.3 34.05 

240 9 0.5 29.32 

3.2. Effect of extraction time 

The extraction time was varied to 1, 5, and 9 min. At 200°C extraction temperature with 

0.1 g TL powder at 3 different extraction times from 1 to 9 min, the TPC were 34.46, 32.92, 

and 27.92 mg GAE/g, respectively. In addition, at 240°C extraction temperature with 0.1 g of 

TL powder at extraction time varied from 1 to 9 min, TPC decreased from 45.42 to 36.00 mg 

GAE/g. However, lower extraction time enhanced higher TPC. Similarly to subcritical ethanol 

extraction with defatted rice bran, TPC at 5 min extraction time was higher than at 10 min 

extraction by 25% [10]. 

3.3. Effect of extraction temperature 

The experiment was carried out at 160, 200, and 240°C. From Table 2 the results showed 

that TPC ranged from 19.27-36.29 mg GAE/g, 25.51-34.46 mg GAE/g, and 27.01-45.42 mg 

GAE/g at 3 different extraction temperatures 160, 200, and 240°C, respectively. The increment 

of temperature with low amounts of TL powder and extraction time increased TPC. The effect 
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of extraction temperature was significant for TPC. The higher TPC was obtained more at higher 

temperatures. Accordingly, it can be concluded that among the 3 effects, temperature is the 

most important effect that significantly affected TPC value, while the concentration of ethanol 

as a solvent was a minor effect. While the temperature of ethanol increases within the subcritical 

range, it decreases viscosity and surface tension, which can improve diffusivity. Additionally, 

the bioactive compounds can be dissolved through the particles [10, 12]. 

4. Conclusions

Subcritical ethanol extraction of T. laurifolia leaves powder was studied. The 3 parameters

that affected the TPC such as the amount of T. laurifolia leaves powder of 0.1, 0.3, and 0.5 g, 

extraction temperature ranging from 160 to 240°C, and extraction time at 1, 5, and 9 min were 

investigated. The results showed that the highest TPC obtained was 45.42 mg GAE per g. The 

optimum condition was at 0.1:50 of TL:EtOH, 240°C of extraction temperature, and 1 min of 

extraction time. In conclusion, the shorter the reaction time and lower the amount of T.  

laurifolia powder can provide the best TPC result at high temperatures. Hence, subcritical 

ethanol extraction is an alternative technique for extraction and preservation of antioxidants 

from T. laurifolia leaves. Furthermore, T. laurifolia extracts have the potential to be applied as 

active ingredients in pharmaceuticals. 
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Abstract 

An integrated effect of non-thermal plasma and catalyst on methane reforming with CO2 was 

investigated in gliding arc plasma minireactor with supported catalysts. This research work 

focused the effects of metal oxide types (NiO and CoO) and metal oxide loading (1, 2 and 3 M 

concentration of metal salt solution) on the plasma-catalytic performance. NiO and CoO 

catalysts on Al2O3 ball support were prepared by a wet impregnation method, and were 

characterized by SEM-EDS and BET surface area & pore analyzer. The results showed that the 

catalytic activity of NiO/Al2O3 catalyst was comparatively greater than CoO/Al2O3 catalyst. At 

the same metal oxide loading, NiO/Al2O3 catalyst provided higher CH4 and CO2 conversions 

than CoO/Al2O3 ones. The higher amount of NiO and CoO loaded on Al2O3 ball support 

synergistically resulted in the higher H2 and CO selectivities. The catalyst of 1M NiO/Al2O3 

exhibited the highest CH4 and CO2 conversions of 22.87% and 8.82% with the H2 and CO 

selectivities of 53.41% and 24.38% while the 3M NiO/Al2O3 catalyst exhibited the highest H2 

and CO selectivities of 58.07% and 26.83% with the CH4 and CO2 conversions of 20.66% and 

3.26%, respectively. 

Keywords: non-thermal plasma; gliding arc plasma; methane reforming; supported catalysts 

1. Introduction

Global warming is a serious environmental problem, caused by increasing greenhouse 

gases emission. Carbon dioxide (CO2) and methane (CH4) are two main components of 

greenhouse gases which are produced from many sectors such as fossil fuel, energy industry, 

agriculture and natural gas [1]. The development of alternative energy has attracted interest to 

reduce greenhouse gas emissions. CH4 reforming with CO2 utilizes two greenhouse gases to 

produce valuable synthesis gas (H2 and CO) (Eq. (1)), which is a very important chemical 

intermediate for producing various chemicals including methanol synthesis and Fischer-

Tropsch process [2]. 

      CH4 + CO2 → 2H2 + 2CO ∆H298K = +247 kJ/mol  (1) 
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Thermodynamic limitations of CH4 reforming with CO2 are still the main challenge that 

it can not be used on industrial scale because it is very endothermic reaction, and requires high 

temperature (900-1,200 K) to convert reactants at high conversion which brings to high energy 

cost and causes carbon deposit on catalyst and catalyst deactivation [3,4,6]. Therefore, it needs 

to look for another energy source to overcome the limitations. 

Non-thermal plasma is a great alternative energy source for many chemical reactions. 

Non-thermal plasma can provide high energy efficiency and high selectivity [5]. Non-thermal 

plasma can be created by supplying electric energy to two electrodes, and electric field 

accelerates electrons to collide gas molecules, creating reactive species (ions, excited species 

and radicals), and form new compounds [6]. Moreover, electron temperature is about 1 eV 

(~10,000 K), whereas gas temperature remains close to room temperature. These are 

remarkable advantages of non-thermal plasma; it can overcome inert and stable reactants (CH4 

and CO2) at mild condition and can operate without external heating [5,6]. Many types of non-

thermal plasma have been investigated for CH4 reforming with CO2 such as dielectric barrier 

discharge (DBD), corona discharge and gliding arc discharge [7-10]. Among various types of 

non-thermal plasma, gliding arc discharge shows the best performance for CH4 reforming with 

CO2 in terms of conversions and energy efficiency [11]. Since the electron temperature of 

gliding arc discharge provides effectively vibration excitation of CO2, and relates to high gas 

temperature that enhances the thermodynamically favorable process for CH4 reforming with 

CO2 [6]. 

Different catalyst types have been investigated for plasma-catalytic CH4 reforming with 

CO2 to improve the conversion efficiency and product selectivity. Among various catalyst 

types, metal oxides on alumina (Al2O3) support are the most commonly used in plasma-catalytic 

CH4 reforming with CO2 [8,10,13,14]. This is because of the advantages of Al2O3; availability, 

cheap and high surface area. Zeng et al. [12] investigated the effect of different supported metal 

catalysts (Ni, Co, Cu and Mn) with using Al2O3 support on the performance of plasma process. 

It found that combining plasma with Ni/γ-Al2O3 and Mn/γ-Al2O3 catalysts significantly 

enhanced CH4 conversion. The highest CH4 conversion (19.6%) was achieved over Ni/γ-Al2O3. 

Mei et al. [14] reported that Ni/γ-Al2O3 provided higher and more stable conversion as 

compared to Ag/γ-Al2O3 and Pt/γ-Al2O3.  

In this research work, plasma integrated with supported catalysts for CH4 reforming 

with CO2 has been investigated in a gliding arc plasma minireactor. The effects of metal oxide 

type (NiO and CoO) and metal oxide loading (1, 2 and 3 M metal salt solution) on Al2O3 ball 

support has been evaluated the performance of plasma-catalytic CH4 reforming with CO2 in 

terms of conversions of CH4 and CO2, selectivities and yields of H2 and CO and specific energy 

consumption.  

2. Materials and Methods

2.1 Catalyst preparation

The metal oxide supported catalysts were prepared by a wet impregnation method. The 

Al2O3 ball support was dried at 110°C for 12 hr and calcined at 500°C for 5 hr. Al2O3 support 

was impregnated in metal salt solutions (Ni(NO3)2∙6H2O and CoSO4∙7H2O salt solution for 

nickel and cobalt precursor, respectively) with 1, 2 and 3 M concentrations for 12 hr. The metal 

oxide on Al2O3 was dried and calcined at the same condition with previous step. To investigate 

the characteristic of catalysts, surface morphology and element distribution was tested by 

scanning electron microscope (SEM) operated at 15 kV and energy dispersive spectroscopy 
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(EDS). The specific surface area, total pore volume and average pore radius were determined 

by BET surface analyzer.  

2.2 Plasma-catalytic CH4 reforming with CO2 

The experiment was performed by using gliding arc plasma minireactor and metal oxide 

catalysts, as shown in Fig. 1. The reactor was made from acrylic material with a width of 8 cm, 

and length of 11 cm, and consisted of two knife-shaped electrodes made from stainless steel. 

The reactor was oriented horizontally. The electrodes were connected with AC power supply, 

monitored by power analyzer. The metal oxide catalysts were introduced into the gap on 

silicone sheet, with a width of 3 cm and a length of 3 cm. In this work, a mixed CH4/CO2 ratio 

of 70/30 was used as feed gas. The flow rate of mixed CH4/CO2 was controlled by digital mass 

flow controller. All experiments were performed under the following condition: total feed flow 

rate of 25 cm3/min, applied voltage of 16.25 kV, frequency of 300 Hz and electrode gap distance 

of 4.5 mm. After the reaction, the flow rate of outlet gas was measured by a soap bubble flow 

meter. The product gas reached a steady state after turning on plasma (about 10 min). The 

concentrations of feed gas and outlet gas were measured by Gas Chromatograph (GC). The 

experiments were repeated at least two times and calculated the average concentration in terms 

of conversions of CH4 and CO2, selectivities and yields of H2 and CO and specific energy 

consumption.  

2.3 Gas product analysis 

The conversions of CH4 and CO2, selectivities and yields of H2 and CO, H2/CO ratio 

and energy consumption (W∙s/molecule) are calculated according to these equations.  

CH4 conversion (%) =
mole of CH4 in - mole of CH4 out

mole of CH4 in
×100  (2) 

CO2 conversion (%) =
mole of CO2 in - mole of CO2 out

mole of CO2 in
×100  (3) 

H2 selectivity (%)    =
mole of H2 produced

2×mole of CH4 converted
×100  (4) 

CO selectivity (%)  = 
mole of CO produced

(mole of CH4 converted)+(mole of CO2 converted)
×100 (5) 

H2 yield (%) = 
mole of H2 produced

(mole of CH4 in)+(mole of CO2 in)
×100  (6) 

CO  yield (%)         = 
mole of CO produced

(mole of CH4 in)+(mole of CO2 in)
×100  (7) 

H2/CO = 
mole of H2 produced

mole of CO produced
 (8) 

Energy consumption   = 
P × 60

N × M
 (9) 
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P refers to power (W), N refers to Avogadro’s number (6.021023 molecule∙g-mol-1) 

and M refers to rate of reactant converted or of syngas produced molecule (g-mol∙min-1) 

Fig. 1 Schematic diagram of plasma-catalytic of CH4 reforming with CO2 

3. Results and Discussion

3.1 Catalyst characterization

Table 1 shows the textural properties of catalysts including Al2O3 ball, NiO/Al2O3 and 

CoO/Al2O3. The Al2O3 ball support had a specific surface area of 246.79 m2/g, a total pore 

volume of 0.521 cm3/g and an average pore radius of 42.22 Å. The specific surface area of 

catalysts decreased when metal oxide was supported on Al2O3 balls. Moreover, the higher 

amounts of NiO and CoO loaded on Al2O3 ball tended to give a decreasing specific surface area 

and total pore volume. It is certainly due to the fact that the porous Al2O3 ball support is coated 

or deposited with NiO and CoO crystallites on either exterior or interior surface of porous Al2O3 

ball. As well as, this can be explained by the pore blocking and penetration of metal oxide in 

Al2O3 ball surface [15]. It also can be clearly seen that the specific surface area and total pore 

volume of NiO/Al2O3 catalyst samples was higher than CoO/Al2O3 one. 
The surface morphologies of catalysts were characterized by using SEM. Figure 2 

shows the SEM images of Al2O3 ball, 1M NiO/Al2O3 and 1M CoO/Al2O3 catalysts. The 

elemental area mapping results by SEM-EDS present the uniform dispersion of Ni and Co 

elements on Al2O3 ball surface, as shown in Fig. 2(b) and 2(c), respectively. Additionally, the 

higher concentration of NiO and CoO relatively corresponded to the analysis results of 

elemental area mapping by SEM-EDS. The amounts of Ni and Co elements are shown in Table 

1. 
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(b) (c) 

Table 1. BET surface analysis and EDS elemental analysis 

Catalyst Type 
Surface Area 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore Radius  

(Å) 

Ni 

(%wt.) 

Co 

(%wt.) 

Al2O3 ball 246.79 0.5210 42.22 - - 

1M NiO/Al2O3 223.47 0.5289 47.34 13.69 - 

2M NiO/Al2O3 176.25 0.4267 48.42 14.27 - 

3M NiO/Al2O3 176.88 0.4247 48.02 20.60 - 

1M CoO/Al2O3 151.44 0.3425 45.23 - 18.12 

2M CoO/Al2O3 119.36 0.3143 52.66 - 22.20 

3M CoO/Al2O3 103.62 0.2875 55.50 - 53.33 

Fig. 2 SEM images of (a) Al2O3 ball, (b) 1M NiO/Al2O3, and (c) 1M CoO/Al2O3 

3.2 Plasma-catalytic of CH4 reforming with CO2 

3.2.1 Effect of metal oxide on Al2O3 ball support 

Figure 3 shows the effect of NiO and CoO catalysts on Al2O3 ball support on the plasma-

catalytic CH4 reforming with CO2. It found that NiO/Al2O3 catalyst exhibited higher CH4 and 

CO2 conversions than CoO/Al2O3 catalyst, except for 3M NiO/Al2O3 (Fig. 3(a)). This result 

was similar to the result from thermal catalytic dry reforming that Ni-based catalyst showed 

better activity than Co-based catalyst [16]. This might be because the reaction pathway between 

plasma species with NiO was different from that with CoO. Moreover, it is worth noting that 

CH4 conversion of all catalysts are much higher than CO2 conversion. It indicates that the 

dissociation energy of C-H bond from CH4 (438 kJ/mol) is lower than C=O bond from CO2 

(532 kJ/mol), and the reverse water gas shift (RWGS) occurs as a side reaction (Eq.(10)) [17].  

CO + H2O → CO2 + H2                                                 (10) 

The selectivities of the main product are shown in Fig. 3(b). Compared to the reaction 

with Al2O3 ball, H2 selectivity was slightly improved when using NiO/Al2O3 and CoO/Al2O3, 

whilst CO selectivity did not much change. The highest H2 and CO selectivities were achieved 

with 3M NiO/Al2O3 (58.07% and 26.83% respectively). In addition, the selectivity and yield of 

H2 were obviously higher than that of CO, partly due to the occurrence of RWGS at low 

temperature [13]. The formed CO molecule can react with water molecule, resulting in a lower

(a) 
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Fig. 3 Effects of metal oxide type and metal oxide loading on Al2O3 ball support:           

(a) conversions of CH4 and CO2, (b) selectivities of H2 and CO, (c) yields of H2 and CO,

(d) H2/CO ratio, and (e) energy consumption
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CO2 conversion and higher H2 produced. Moreover, the conversion and yield of CoO/Al2O3 

catalyst was reduced when compared to unmodified Al2O3. This probably referred to the results 

of much less surface area and pore volume of CoO/Al2O3 than unmodified Al2O3. H2/CO molar 

ratio of Al2O3 ball was 3.75, and slightly increased when using NiO and CoO on Al2O3 ball. 

Figure 3(e) shows that energy consumption of the studied plasma catalytic reaction. The energy 

consumption of reactant converted (Ec) and energy consumption of syngas produced (Es) of 

Al2O3 ball were 7.9×10 -18 and 8.4×10 -18 J/molecule, respectively. Using NiO/Al2O3 catalyst 

was found to reduce both Ec and ES, whilst introducing CoO/Al2O3 catalyst into reactor 

consumed more energy in converting reactant, compared to Al2O3 ball. 

3.2.2 Effect of metal oxide loading on NiO/Al2O3 and CoO/Al2O3 catalysts 

To study the effect of metal oxide loading, Al2O3 ball support was impregnated with 

three different metal salt solution concentrations (1, 2 and 3 M). It noticed that CH4 and CO2 

conversions obviously decreased with increasing metal oxide loading. CH4 and CO2 

conversions of NiO/Al2O3 catalyst decreased from 22.87% to 20.66% and 8.82% to 3.26%, 

respectively. The same results were also observed for CoO/Al2O3 catalyst. This can indicate 

that the higher amount of Ni and Co atoms can stick on the Al2O3 ball surface, thus the structural 

properties including specific surface area and total pore volume were reduced, as shown in 

Table 1 [10]. This result was also reported in Martin-del-Campo’s work [10] that the higher Ni 

loading exhibited the negative effect to CH4 and CO2 conversions.   

The opposite result was found for product selectivity, the higher amounts of NiO and 

CoO on Al2O3 ball support clearly affected the higher H2 and CO selectivities. Both 3M 

NiO/Al2O3 and 3M CoO/Al2O3 presented the highest H2 and CO selectivities at the same metal 

oxide concentration. In the case of product yield, the increment of NiO and CoO amounts did 

not affect H2 yield, but slightly decreased CO yield. In Fig. 3(d), the highest H2/CO molar ratio 

was 4.08 and 4.30 for 2M NiO/Al2O3 and 2M CoO/Al2O3 catalysts, respectively. The energy 

consumption is shown in Fig. 3(e). It found that the higher NiO and CoO loadings had an 

unfavorable effect for both energy consumption of reactant converted (Ec) and energy 

consumption of syngas produced (Es). The higher amount of metal oxide reduced the 

opportunity of plasma to react with species adsorbed on catalyst surface, and resulted in more 

consumed energy. The lower metal oxide amount exhibited the better performance for plasma-

catalytic CH4 reforming with CO2. 

4. Conclusions

The CH4 reforming with CO2 by gliding arc discharge plasma integrated with NiO and 

CoO catalysts on Al2O3 ball support was investigated at atmosphere pressure and ambient 

temperature. NiO/Al2O3 catalyst exhibited higher CH4 and CO2 conversions than CoO/Al2O3 

catalyst at the same metal loading. The highest CH4 and CO2 conversions were achieved when 

using 1M NiO/Al2O3 (22.87% and 8.82%, respectively). The higher amount of metal oxide 

loading was not a favorable effect for the plasma-catalytic reaction possibly because the textural 

properties were declined by the pore blocking of metal oxide. Oppositely, the higher metal 

oxide loading was beneficial for H2 and CO selectivities. In addition, the lower energy 

consumption can be achieved when using metal oxide catalyst and less amount of metal oxide.  
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Abstract

Silica is commonly used as a support material in metallocene catalytic systems (MTC)
and has many different kinds of surface functional groups. The presence of various functional 

groups on silica may result in the deactivation of active sites due to their inherent undesirable 

properties.  Considerable effort has been dedicated to the development of active supported

metallocene species, which exhibit enhanced stability and activity.  In this study,

methylaluminoxane (MAO) cocatalyst supported on two distinct types of structured mesoporous

silica supports, namely CAB-O-SIL and MCF-Si, which were modified with 1% of Ga in 

ethylene polymerization and ethylene/1-hexene copolymerization was investigated.  First, the

modification of calcined CAB-O-SIL and MCF-Si was conducted with 1 wt% of Ga impregnated

on the support, and then the support was sequentially impregnated with MAO cocatalyst using 

the proper immobilization technique.  Under slurry polymerization conditions, ethylene and

ethylene/1-hexene were polymerized over cocatalyst and the zirconocene supported catalysts

using toluene as solvent with [Al]MAO/[Zr]cat molar ratio = 2,000 at 70°C and 3.5 bar of ethylene

pressure.  The higher activity in ethylene/1-hexene copolymerization was similarly observed

with the supported catalyst containing Ga modification on both CAB-O-SIL and MCF-Si 

supports. The results indicated that incorporating Ga could enhance the capability of supports 

to immobilize metallocene catalysts. 

Keywords:  mesocellular foam; Ga-modified; ethylene polymerization; metallocene catalyst;

methylaluminoxane 

1. Introduction

The continuous increase in polyolefin production can be attributed to their exceptional 

product properties and environmental compatibility. In addition to components for the

automotive and electrical industries, they are frequently utilized as packaging materials, foils, 

and filaments. The industrial production of polyolefins involves the utilization of two catalyst

approaches: the traditional heterogeneous Ziegler-Natta catalysts supported on MgCl2, or the

Phillips catalysts, which are chromium catalysts attached to SiO2 or Al2O3 bases. In polymer

science, the discovery of metallocene and methylaluminoxane (MAO) catalysts for olefin 

polymerization has ushered in a new millennium. In addition to the traditional Ziegler-Natta and

Phillips systems, metallocene and other catalysts have been synthesized; these catalysts produce 

polymers with unique structures and enable greater control over the tacticity, molar mass, and 
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molar mass distribution of the polymer [1,2]. Metallocene is an organometallic catalyst with a

single site which is activated by MAO that enables the synthesis of polyolefins while keeping 

great regulation over molecular weight and distribution [3]. Many researches have been reported

on silica supports to see if they can stop side reactions and keep the shape of olefin 

polymerization while heterogeneous ethylene polymerization is happening [4]. 

A variety of metallocene catalysts have been demonstrated using inorganic carriers, most 

commonly titania, silica, or alumina. In addition, mesoporous substances contain distinct pore

configurations. For example, fumed silica (CAB-O-SIL), which consists of branched chains

formed from amorphous silica particles on the nanometer scale, and silica-mesocellular foam

(MCF-Si), which contains both an interconnected pore structure and a three-dimensional

spherical pore structure, are both viable alternatives.  For industrial applications, the

development of supported metallocene is critical, as it permits their use in gas and slurry phases 

and prevents contamination issues in reactors. According to available reports, silica has emerged

as a highly desirable support material applied, thus, far for supported metallocene catalysts. 
However, depending on the polymerization activity and properties of the resultant polymers, 

the properties of silica may not exactly fulfill all desired objectives. Due to the acidity of various

surface OH groups and other intrinsically undesirable properties, the formation of multiple 

active sites is possible. Many efforts have been applied to the development of active, supported

metallocene species that exhibit enhanced stability and activity.  Utilizing a support modified 

with acidic metals such as Ga presents an intriguing option for improving catalytic performance 

and holds promise for further advancement in ethylene polymerization. [5,6].

The investigation in this research has been divided into two different parts. After the

impregnation of (MAO) on different silica supports, such as SBA-15 and MCF-Si modified with

Ga, an evaluation was first conducted of the MAO's physical and chemical properties. Second,

the application of these supported catalysts for the polymerization of ethylene and ethylene/1-
hexene was investigated.

2. Materials and Methods

2.1. Chemical 

All chemical processes and polymerizations were carried out in an argon environment, 

employing Schlenk techniques and/or a glove box. The following analytical reagents have been

purchased from Sigma-Aldrich: hydrochloric acid, 1,3,5-trimethylbenzene (TMB), tetraethyl

orthosilicate (TEOS), methyaluminoxane (MAO), toluene, 1-hexene, gallium nitrate  [Ga(NO3)3]
zirconocene catalysts and Pluronic P123 (Mw 5800).

2.2. Silica cabosil calcination 

The silica supports were calcined for 6 hours at 400°C under a N2 flow with a ramp rate of 

10°C/min.
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2.3. Silica mesocellular foam synthesis 

In order to produce the synthetic MCF-Si, 2 g of P123 was mixed with a hydrochloric

solution at 40 °C while being stirred until the mixture became uniform. Following the addition

and stirring of 7 g of TMB for 2 hours as white solution. After accumulating 2 hours, 4 g of

TEOS solution was dropped slowly while stirring for 5 minutes. Then, the milky solution was

aged in the oven at 40 °C for 20 hours. After that, the required temperature was raised to 100

°C for a duration of 24 hours. Finally, the white sediment was washed with 50 ml each of ethanol

and DI water until the pH of the filtered solution was neutral. Subsequently, the sediment was

been exposed to light overnight at room temperature.

2.4. Ga-modified silica support

Ga was introduced via [Ga(NO3)3]. Silica support was impregnated with Ga at

concentrations of 0.2 or 1.0 wt%. After 12 hours of drying at 110oC in an oven, the support was

calcined for 2 hours at 400oC in air.

2.5. Support impregnation 

Every investigation was performed within a glove box containing a dry argon gas-purified

inert atmosphere. In a reactor equipped with a magnetic agitating bar, 1 g of supported catalyst

and 10 mL of MAO in a 10 mL toluene solution were initially introduced. After 30 minutes of

agitation at room temperature, the solution was subsequently vacuum-dried and stirred until it

was completely dried.

2.6. Ethylene polymerization 

In a 100 mL reactor, ethylene polymerization was conducted via 0.01 g of supported

catalyst, 1500 mL of zirconocene catalyst solution, 2 mL of MAO in a 26.5 mL toluene

solution, and MAO. In case of copolymerization, 5 mL of 1-hexene was added. Ethylene and

ethylene/1-hexene were polymerized for a duration of 15 minutes at a temperature of 70°C and

an ethylene pressure of 3.5 bar, which was consistent with slurry polymerization conditions.

3. Results and discussion

The surface morphology of supported catalysts was determined utilizing the SEM technique 

as shown in Figure 1. The morphology of Cab-Si is composed of amorphous silica at the

nanometer scale. After impregnation process with 1 wt% of Ga, the morphology of Cab-Si

exhibited no significant change. 

Fig. 1 The SEM image of Cab-Si and Cab-Si after impregnation with 1% Ga, respectively

Before After 
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No significant changes in morphologies were observed for Cab-Si and 1 wt% Ga Cab-

Si following immobilization with MAO as shown in Figure 2. 

Fig. 2 The SEM image of Cab-Si and 1 wt% Ga Cab-Si after impregnation with MAO,

Figure 3 shows micrographs illustrating the various morphologies of MCF-Si before

and after the impregnation process employing 1 wt% of Ga. MCF-Si exhibits a spherical pore

structure that is structured in three dimensions. MCF-Si's morphology remained largely

unchanged following the impregnation procedure, which is similar to that of Cab-Si.

Fig. 3 The SEM image of MCF-Si before and after impregnation with 1 wt% of Ga

Likewise, no significant changes in morphologies were observed for MCF-Si and 1

wt% of Ga MCF-Si subsequent to immobilization with MAO as shown in Figure 4.

Fig. 4 The SEM image of MCF-Si and 1 wt% Ga MCF-Si after impregnation with MAO

The EDX technique was used in order to analyze the elemental distribution of 

catalysts. The EDX method was implemented in order to analyze the elemental composition of

catalysts. The dispersion of the elements Si, O, and Al for Cab-Si and MCF-Si within the

granules of the supported catalysts is effectively illustrated in Figures 5 and 7. In case of

supports modified by 1 wt% of Ga analyze the elemental composition of Si, O, Ga and Al as 
shown in Figures 6 and 8. In addition, Table 1 shows the elemental composition (less than 5

microns) as discovered through EDX measurement. The Cab-Si-MAO supported catalyst

exhibited a greater Si/Al ratio of 3.25 compared to the 2.42 Si/Al ratio of the 1 wt% of Ga-Cab-
Si-MAO supported catalyst. In contrast, the 1 wt% Ga-MCF-Si-MAO supported catalyst

Before After 

Before After 

Before After 
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catalyst. In contrast, The 1% Ga-MCF-Si-MAO supported catalyst exhibited a greater Si/Al

ratio of 2.70 compared to the 2.36 Si/Al ratio of the MCF-Si-MAO supported catalyst.

Fig. 5   The SEM and EDX images of Cab-Si-MAO

Fig. 6   The SEM and EDX images of 1% Ga-Cab-Si-MAO

Fig. 7   The SEM and EDX images of MCF-Si-MAO

Fig. 8   The SEM and EDX images of 1% Ga-MCF-Si-MAO

Table 1. The distribution of the elements on the catalysts from EDX technique

Type of  support Element content (wt%) Si/Al

ratio %Si %O %Al %Ga

Cab-Si-MAO 40.96 46.44 12.60 - 3.25

1% Ga-Cab-Si-MAO 38.66 44.06 16.00 1.26 2.42

MCF-Si-MAO 41.77 43.11 15.12 - 2.76
1% Ga-MCF-Si-MAO 43.59 39.73 16.12 0.56 2.70

Al Si O 

Al Si O Ga 

Al Si O 

Ga Al Si O 
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The crystal structure of catalysts was determined through using the technique of wide-
angle X-ray diffraction (XRD), as illustrated in Figure 9. Similar peaks were observed in the

XRD patterns of Cab-Si, 1% Ga-Cab-Si, Cab-Si-MAO, 1% Ga-Cab-Si-MAO, MCF-Si, 1% Ga-
MCF-Si, MCF-Si-MAO, and 1% Ga-MCF-Si-MAO. It was found that the morphology of both

supported catalysts remained unchanged following the impregnation technique. The amounts

of Ga and MAO on both silica are different because of the structure and morphology of each 

silica support are differnt.  

Fig. 9   The wide-angle XRD patterns of supported catalysts.

The yield and activity of the polymer products resulting from the polymerization of 

ethylene and ethylene/1-hexene are detailed in Table 2. Due to the comonomer effect, which

increases the number of active sites and causes a highly exothermic reaction, the ethylene 

polymerization yield and activity were lower than those of the ethylene/1-hexene

polymerization. In addition, supported catalysts modified with Ga exhibited higher yields and

activities of polymer products compared to the original support that had not been modified with 

Ga.

Table 2. The yield and activity of polymerization obtained from different supports

Type support Type of Reaction Yield (g) Activity (g.PE/gcat*h)

Cab-Si HOMO 0.55 20 

1%Ga-Cab-Si HOMO 1.03 40 

Cab-Si COPO 2.29 90 

1%Ga-Cab-Si COPO 3.50 140 

MCF-Si HOMO 0.50 20 

1%Ga-MCF-Si HOMO 1.36 50 

MCF-Si COPO 2.13 90 

1%Ga-MCF-Si COPO 4.75 190 
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Figures 10 and 11 illustrate, respectively, the morphological characteristics of polymer 

products obtained via ethylene and ethylene/1-hexene polymerization. Supported catalyst

structure affects the morphology of the polymer. Comonomer insertion also contributed to the

fact that crystalline polymer was produced during ethylene/1-hexene polymerization as

compared to ethylene polymerization.  In fact, comonomer insertion results in a decrease in

crystallinity resulting in lower Tm. 

Fig. 10 The SEM image of polymers product of supported catalyst in ethylene polymerization

Cab-Si

1%Ga Cab-Si

MCF-Si

1%Ga MCF-Si

Cab-Si

1%Ga Cab-Si
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Fig. 11 The SEM image of polymers product of supported catalyst in 1-hexene polymerization

4. Conclusions

The physical and chemical analyses revealed that the morphology of neither the supported

catalyst impregnated with Ga nor the catalyst itself changed. In contrast, the Si/Al ratio of the

supported catalyst modified treated with Ga and immobilized with MAO is lower than that of 

the supported catalyst not treated with Ga indicating more attached MAO with Ga modification. 

As a consequence, the supported catalyst that treated by Ga exhibited increased yield and 

activity of the polymer products.   
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Abstract 

In this work, the production of solid fuel produced from mixing of industrial waste cellulose 
and coal is investigated. In the laboratory study, lime can be used as a binder between cellulose 
and coal, however in the pilot scale, the solid fuel is easily broken. This may be due to that the 
extruder force used in the laboratory equipment is less than that performed in the pilot machine. 
Therefore, the tapioca starch is introduced to use as the binder in this study. The optimal ratio 
between cellulose, lime, coal, and tapioca starch is investigated. It is found that coal 98% and 
cellulose 2% with 10% of starch has homogeneous texture and stable form. The size of cellulose 
less than 1 mm. and coal diameter of 300 microns are suitable for the solid fuel casting. The 
physical and thermal properties of all materials and chemical used in this study are analyzed, 
for example, moisture content, ash, volatile matter, fixed carbon and heating value. The heating 
value of sawdust was 15,519 J/g, while that of cellulose was 15,582 J/g. The heating value of 
coal was the greatest at 19,920 J/g. There is no heating value of lime evaluated. Solid fuel 
compositions (cellulose, lime, coal, with and without starch) are mixed in different ratios, and 
then it is extruded by using the charcoal compressor. The solid fuel briquettes without starch 
are easily broken, but the briquettes with starch are hard enough to maintain its form. The 
heating value of mixture materials were then determined. The coal-based solid fuel with and 
without starch have heating values of 16,901 and 16,745 J/g, respectively and greater than the 
heating value of sawdust-based solid fuel with starch of 14,734 J/g. When comparing solid 
briquettes with different compositions in the combustion test in the laboratory, it is found that 
solid fuels are not easy to ignite due to the main composition of coal. The further study for 
continues burning in industrial boiler will be investigated at the factory.  

Keywords: Cellulose; Coal; Heating Value; Solid Fuel; Solid Waste 
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1. Introduction

A new economic model of Bio-Circular-Green Economic (BCG) has been established by
the research community and promoted by the Thai government for sustainability-society. This 
is due to Thailand's biological richness, [1,2] and the most population in agricultural sector [3]. 
The global community is aware of health and environmental anxieties because the current 
environmental problems can affect the world, in terms of global warming, air pollution, and 
inefficient waste management. Therefore, the products derived from natural resources are 
become great demand. The trend of both healthy and environmentally sustainable product is 
increasing. Thailand would use the strengthening research and industry to make high-value 
products from agricultural or biological resources to generate sustainable economic growth. 

In order to manage the industrial waste, this research project intends to develop the solid 
fuel production by using cellulose waste. It will focus on the utilization of waste materials in 
the nitrocellulose industry. In this industry, cellulose from cotton linter or wood pulp are used 
as raw material for nitrocellulose or cellulose nitrate production. However the cellulose must 
be loosened by picking machine and the cellulose dust are occurred, some are fallen on the floor 
as shown in Figure 1 and some are sent to the bag filler. There will be cellulose dust as waste 
from the manufacturing process, and this waste is disposed through incineration, which wastes 
energy and causes air pollution due to the emission of carbon dioxide (CO2). In previous study 
[4], the nitrocellulose waste is combined with sawdust or coal and additional lime as binder. 
The suitable solid fuel to combined with nitrocellulose is coal, and about 25% of lime is suitable 
to combine basic fuel and nitrocellulose. If the composition of lime is greater than 25%, the 
heating value is decreased and it becomes unstable form. However, lime is not the good binder 
for the larger briquettes, it cannot glue between coal and cellulose. It has shown in the literature 
that cassava starch is used as a binder for fuel briquettes produced from flamboyant pod, and 
corn cob [5] and for charcoal briquettes produced from waste rice straw [6]. Therefore, in this 
study the tapioca starch will be used as a binder and the suitable ratio of cellulose and coal will 
be investigate. The investigation in the laboratory will be applied to the pilot scale machine. 
The outcome of this study will be the utilization of waste cellulose as an energy source. 

   Fig. 1 The cellulose dust from picking machine. 
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2. Materials and Methods

2.1 Raw Materials 
The cellulose dust is sieved with size of less than 1 mm, and coal are grided to less than 300 

microns for the assessment of their physical and thermal properties. 

2.2 Methods 
2.2.1 Material Characterization 
       Coal was analyzed for moisture, ash, volatile matter, and fixed carbon content in order to 
determine the quality of materials used in solid fuel compositions. The heating value of coal 
cellulose and tapioca starch were tested using a bomb calorimeter. 

2.2.2 Solid Fuel Production 
       The solid fuel composition of coal, cellulose was weighed according to the ratios designed 
in Table 1 and tapioca starch was added about 10% of total weight of coal and cellulose. The 
cassava starch of 10% was used as studied in the literature [5,6]. In the previous study, the 
greater composition of coal is, then the more stable of pellet is [4]. Then we started from the 
coal content of 98% and decreased its composition to 95, 90, 88 and 85%. During the mixing 
process, we observed the fuel textures how the homogeneous it is. The sample was moistened 
with a small amount of water to aid in mixing and dried at 60 °C for 24 hours before being 
extruded in a 1 centimeter-diameter cylindrical mold using a hydraulic press. 

Table 1. Lists the weight ratios of cellulose and coal. 

Test 
% F and C 
Coal (F) Cellulose (C) 

1 98   2 
2 95   5 
3 90 10 
4 88 12 
5 85 15 

2.2.3 Solid Fuel Production in Charcoal Compressor 
         To investigate the production of solid fuel in pilot scale, the commercial charcoal 
compressor as shown in Figure 2 is used, the composition of solid fuel in our previous study 
[4] are introduced. However, without tapioca starch, the solid fuel briquettes were easily
broken, then the sample with starch in section 3.2.2 were used in charcoal compressor. In the
combustion test, solid fuel briquettes were burned in the stove to see how easy to ignite.
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\ 
Fig. 2 The charcoal compressor. 

2.2.4   Solid Fuel Combustion 
        In the combustion test, solid fuel pellet samples were burned in the crucible, while the fuel 
briquettes were combusted in the stove. The ignition of all samples was observed. 

3. Results and Discussion
3.1 Physical and Thermal Properties

The properties of coal used in solid fuel composition, was initially analyzed using 
proximate analysis. The two sets of the proximate analysis are the combustible components, 
which are volatile matter and fixed carbon, and the non-combustible components, which 
comprise of moisture and ash. The testing results are shown in Table 2. 

Table 2. Proximate analysis of coal. 

Test Item Coal 
moisture (%) 20.1 
ash (%)   1.2 
volatile matter (%) 38.8 
fixed carbon (%) 39.9 

The heating value of coal, sawdust and cellulose are presented in Table 3, this value is an 
analysis of the amount of heat released during the combustion of a specific amount of sample. 
The heating value of coal was greater than cellulose and sawdust which are biomass samples.  

Table 3. Heating value of solid fuel composition. 

Test Item Cellulose Coal Sawdust 
Heating value (J/g) 15,582 19,920* 15,519* 
* from ref. [4]

      In our previous study [4], coal-based solid fuel with a ratio of 1:1:2 of nitrocellulose, lime 
and coal, yielded the maximum heating value at 13,458 J/g due to the high coal content and 
high heating value of coal itself. In the case of sawdust, the ratio of nitrocellulose, lime and 
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sawdust of 2:1:1 yielded the highest heating value of 9,453 J/g. Lime was used as a binder in 
solid fuel pellets. When these ratios of either coal or sawdust were used in the charcoal 
compressor, it was found that the solid fuel is easily broken due to the extruder force used in 
the laboratory equipment is less than that performed in the charcoal compressor. The sample 
obtained by using sawdust was not stable and easier broken compared to that using coal. The 
heating value obtained from these two samples were also investigated, again the heating value 
of the coal-based sample of 16,745 J/g was greater than that of the sawdust-based solid fuel of 
14,325 J/g as shown in Table 4. This experimental value was greater than the previous study 
[4], this may be due to that the cellulose used in this study has heating value of 15,582 J/g which 
is greater than that of nitrocellulose in previous study of 11,449 J/g.       
      Having seen the broken of solid fuel, the tapioca starch was introduced as the new binder 
in this investigation. We added 10% of starch in the above sample ratio for both coal-based and 
sawdust-based solids, and then produced the solid fuel using the pilot machine. It was found 
that these solid fuels were performed stronger structure and firm. The heating value became 
greater due to the additional heating value of tapioca starch as shown in Table 4. In previous 
study [4], it was observed that as the amount of lime increased, the heating value dropped 
because lime has no heating value. But in this study, the addition of starch will increase the 
heating value because the tapioca starch is one of the biomasses.  

Table 4. Heating value of coal- and sawdust-based solid fuels in the presence and absence of 
tapioca starch. 

Test Sample 
Heating value (J/g) 
With 
starch 

Without 
starch 

1 Coal 16,901 16,745 
2 Sawdust 14,734 14,325 

3.2 Physical Appearance of Solid Fuel 
Because lime is not the good binder and the cellulose is used instead of nitrocellulose which 

releases NOX during combustion. Then the new composition of cellulose and coal with 10% of 
tapioca starch are investigated as shown in Table 1. In the process of extruding solid fuel pellets, 
samples are placed into a 1-centimeter-diameter cylindrical mold and then extruded by a 
hydraulic press. From Table 5, It can be observed that most solid fuel textures are non-
homogeneous except sample no. 1. It tends to clump together as fibers. In terms of strength, the 
greater cellulose content, the stronger it is. This is due to the reinforcement of fibrous in the 
coal structure.  
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Table 5. Physical Appearance of Solid Fuel in laboratory hydraulic press with 10% starch. 

Test %Coal: 
%Cellulose 

Coal-Based Solid Fuel 
     Appearance Observation 

1 98:2 

Solid fuel textures are 
homogeneous, smoother 
surface and stable but brittle 
because of less reinforcement 
of fiber.  

2 95:5 
Solid fuel textures are non-
homogeneous, stronger 
structure than sample no. 3 

3 90:10 
Solid fuel textures are non-
homogeneous and easily 
broken. 

4 88:12 

Solid fuel textures are non-
homogeneous, the fibrous can 
be observed on solid surface. 
It is hard due to reinforce 
fiber. 

5 85:15 

Solid fuel textures are non-
homogeneous, the fibrous can 
be observed on solid surface. 
It is hard due to reinforce 
fiber. 

3.3 The Production of Solid Fuel using Charcoal Compressor 
In previous section, the composition of coal 98% and cellulose 2% with 10% of tapioca 

starch is suitable to produce the solid fuel from waste cellulose because it is more stable form. 
Therefore, this composition is mixed and used in the charcoal compressor equipment, the solid 
fuel texture was homogeneous as shown in Figure 3 due to that it contained most composition 
of coal. a single briquettes of solid fuel combustion test, it was discovered that the solid fuel is 
not easy to ignite due to it composes of coal. However, in the industrial used, the solid fuel is 
burnt in the boiler where the combustion is continuous occurred. The further study in the 
combustion chamber of boiler will be investigated with the nitrocellulose company.   
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Fig. 3 Solid fuel from the charcoal compressor. 

3.4   Ignition test 
       In the combustion test of coal-based solid fuel pellets and briquettes, it was discovered that 
due to the non-homogeneous texture of the solid fuel, while igniting the cellulose area was 
burned first and smoke was observed. Though the cellulose has caught on fire and been entirely 
consumed by the flames, the coal may still have not ignited. Experiments containing a high 
proportion of cellulose, such as tests 4 and 5, were shown to be more easily combustible, 
however coal remains.  

4. Conclusions
In this investigation, the composition of coal or sawdust with lime and cellulose were used

to produce the solid fuel in the pilot scale. The commercial charcoal compressor was introduced, 
it was found that the solid fuel without tapioca starch as the binder cannot be firm after passing 
this machine. Then the starch was added 10% and the structure of solid fuel maintained stable. 
The heating value was also increased due to an additional biomass in the solid. The new 
composition between coal and cellulose with 10% of starch were investigated and the 
percentage of coal and cellulose of 98% and 2% can give the homogeneous texture of solid fuel 
in the hydraulic press equipment in laboratory. This mixture was also investigated using the 
charcoal compressor, the structure of solid fuel was good and can be applied to use in the 
industry. Although, it was not easy to ignite due to the content of coal, its strength can be 
maintained its form. The suggestion is to test the solid fuel in the industrial boiler for further 
study.  
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Abstract 

Currently, the consumption of fossil fuels used for internal combustion engines in the 

transportation sector tends to be declined according to the replacement of electric vehicles. This 

consequently causes an oversupply of biodiesel in the future. To maintain the balance in the 

palm oil market, the biodiesel derived from palm oil has a potential to be supplied as the 

feedstock for producing the bio-jet fuel in accordance with the policy of International Civil 

Aviation Organization (ICAO) to support the use of sustainable aviation fuels (SAF). In this 

regard, this research focuses on the continuous hydroconversion of biodiesel derived from palm 

oil to bio-jet fuel in a fixed bed reactor. Due to the drawbacks of nickel (Ni)-based catalysts, 

such as agglomeration, extensive hydrogenolysis and coke formation during the hydroprocess, 

the effect of incorporation of gallium (Ga) as a second metal in bimetallic Ni-based catalysts 

supported on the modified beta zeolite obtained from hydrofluoric acid/ammonium fluoride 

(HF/NH4F) solution on the catalytic properties and reactivity was investigated. At 360 °C, 2.45 

h-1 weight hourly space velocity, and 30 bar H2 pressures at flow rate of 60 mL/min., the results

showed that the iso-/n-alkanes ratio in the liquid product obtained from the system using

Ni/modified beta zeolite was improved from 0.32 for Ni/unmodified beta zeolite to

0.48.  Furthermore, the addition of Ga effectively suppressed the hydrogenolysis of the Ni-

based catalyst, leading an increase in the selectivity to jet fuel range from 35.7 to 44.9%.

Keywords: Hydroisomerization; Bio-jet; Nickel; Gallium; Fatty acid methyl esters. 

1. Introduction

According to the enhancement of utilization of electric vehicles, the demand of

conventional fuels for internal combustion engines tends to be declined [1]. Typically, the first-

generation of biodiesel is produced via transesterification process of animal or vegetable oils 

with methanol in the presence of acid or base catalysts to form fatty acid methyl esters 

(FAMEs). Despite FAMEs possessing a high cetane number and low sulfur content, their 

properties are incompatible with combustion engines. These limitations include low heating 

value, instability, high viscosity, and acidity. These undesired properties are caused by the high 

oxygen content and unsaturated bonds found in the molecular structure of FAMEs [2]. 

Consequently, the use of FAMEs to replace petroleum liquid fuels faces significant obstacles. 
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Hence, reducing these undesired compounds and enhancing the market value of FAMEs 

have become more attractive objectives. Catalytic conversion processes offer efficient 

pathways to transform FAMEs to bio-jet fuel range, aligning with the International Civil 

Aviation Organization's (ICAO) policy to promote the use of sustainable aviation fuels (SAF) 

derived from hydroconversion of triglyceride-based materials [3]. Noble metals like platinum 

(Pt) are widely acknowledged as a remarkable catalyst for hydroprocessing reactions due to 

their high activity and selectivity [4, 5]. However, Pt catalysts have disadvantages in terms of 

high cost and susceptibility to be poisoned by sulfur and other contaminants containing in 

feedstocks [6]. In contrast, non-noble metals like nickel (Ni) are more practical in 

commercialization due to its lower cost, robustness against poisoning, and comparable catalytic 

activity. Moreover, Ni-based catalysts facilitate the removal of oxygenated functional groups 

[7-9] and produce hydrocarbons containing the suitable carbon number for the jet fuel 

application. 

Unfortunately, monometallic Ni-base catalysts are easily deactivated by coke and 

agglomerate during hydroprocess. These drawbacks can induce undesired products and reduced 

efficiency of hydroconversion to convert FAMEs as bio-jet fuel. Incorporation of a second 

metal in Ni-based catalysts to form bimetallic catalysts offers a highly effective approach to 

enhance the performance of hydroconversion in terms of activity, selectivity, and resistance to 

coking. This improvement is attributed to the fact that the second metal, acting as a promoter, 

could alter the geometric and electronic structures of Ni. Dai et al. [10] investigated 

that the catalytic performance of NiGa/SAPO-11 and monometallic Ni/SAPO-11 via 

hydroisomerization of n-hexadecane in fixed bed reactor. Their findings revealed that the 

NiGa/SAPO-11 catalyst exhibited the better activity than its monometallic catalysts. The 

addition of Ga into the supported Ni-based catalysts promoted Ni species to become more active 

for hydrogenation/dehydrogenation. Moreover, Ga components covered and shielded some acid 

sites of the supports, to reduce the acidity of the catalysts. This adjustment optimized the 

isomerization ability of the acid sites and the ability hydrogenation/dehydrogenation of the 

metal sites, resulting in an optimal synergistic catalytic state, to achieve the maximum n-

hexadecane conversion of 96.76% and i-hexadecane selectivity of 91.42%. 

Not only the active metal phase, but catalyst support also plays a crucial role in determining 

the performance of the catalysts. Zeolite is commonly used as a support for hydroprocessing 

due to its high surface area and acidity, which are beneficial for catalytic reactions. However, 

the small pore size of zeolites poses a significant challenge, leading the severe mass transfer 

limitation resulting to the adversely affect the activity, selectivity, and stability of the catalysts 

[11]. Furthermore, n-alkanes can readily diffuse deeply into the micropores of zeolites, where 

cracking reactions occur in parallel with isomerization. This induces the formation of smaller 

molecules through (s, p) β-scission at the microporous Brønsted acid sites. To overcome 

these limitations, Hunsiri et al. [12] studied the modification of beta zeolite using hydrofluoric 

acid/ammonium fluoride (HF/NH4F) solution as a support for Ni-based catalysts for 

hydroisomerization of palm olein, to produce branched-chain biofuels for bio-jet fuel 

production. The modified beta zeolite with 0 . 2 5  M HF in the HF/NH4F solution resulted in a 

higher pore volume, to facilitate hydroisomerization. In addition, the better Ni dispersion, by 

suppressing the agglomeration of Ni particles during catalyst preparation could prevent the 

over cracking of the reactants and products. These advantages provide a 43.4 wt% bio-jet fuel 

yield with 2 2 . 1  wt% iso-alkanes fraction. Thus, this study aims to investigate the effect of 

Ga in the Ni-based bimetallic catalysts supported on the modified beta zeolite on 

hydroisomerization/hydrocracking of FAMEs to produce bio-jet fuel range. 

211



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

2. Experimental

2.1 Preparation of modified bata zeolite 

The NH4-beta zeolite (TOSOH Co.; SiO2/Al2O3 mol ratio=27) was modified by leaching 

process in the presence of HF/NH4F following the procedure reported in previous study 

[12]. NH4F (10 g) was dissolved in a 0.25 M HF solution (60 mL). The solution was mixed 

with 5 g NH4-beta zeolite and stirred at room temperature for 1 h. After centrifugation and 

washing with deionized water (DI) until pH neutral, the wet sample was dried at 110 °C in an 

oven overnight. Then, the dried sample was calcined at 550 °C for 4 h to obtain the modified 

beta zeolite, which was denoted as beta-HF. 

2.2. Preparation of bimetallic Ni-Ga/beta-HF catalysts 

The bimetallic 5Ni5Ga/beta-HF catalysts were prepared using the incipient wetness 

impregnation method. In detail, the specific quantities of nickel (II) nitrate hexahydrate 

(Ni(NO3)26H2O) and gallium (III) nitrate hydrate (Ga(NO3)2H2O) were dissolved in 6.5 mL 

DI water and dropped onto 5 g beta-HF. Subsequently, the impregnated samples were dried at 

110 °C in an oven overnight, followed by calcination at 500 °C for 2 h. The calcined catalysts 

were ex-situ reduction in a horizontal tubular furnace at 600 °C for 2 h under H2 

atmosphere. Finally, the catalysts were passivated in a presence of 5/95 (v/v) oxygen 

(O2)/nitrogen (N2) mixed gas at room temperature overnight. For the preparation of 

monometallic Ni- or Ga-based catalysts, the method was similar to that used for bimetallic 

catalysts. Only the Ni of Ga precursor at 10 wt% was used and then dropped onto the specified 

supports. They were denoted as 10Ni/beta, 10Ni/beta-HF and 10Ga/beta-HF catalysts. 

2.3. Catalyst characterization 

The structural properties of the catalysts were characterized by X-ray diffraction (XRD; 

Bruker D8 Advance) technique. The 2θ was adjusted between 5 and 80° with a step size of 0.2 

degree. The reduction temperature of the calcined catalysts was evaluated by using H2-

temperature programed reduction profile recorded by Chemisorption analyzer (BELCAT II). 

Briefly, a sample (50 mg) was pretreated at 110 °C to remove the moisture before analysis. The 

measurement step was conducted at the range of 200 to 800 °C with a heating rate of 10 °C/min 

under the 5/95 (v/v) hydrogen (H2)/argon (Ar) mixed gas. 

2.4. Hydroisomerization/hydrocracking of FAMEs 

FAMEs derived from palm oil were manufactured by Bangchak Corporation Public Co., 

Ltd., Bangkok, Thailand. It consisted of 49.3% methyl palmitate (C17H34O2), 43.8% methyl 

oleate (C19H36O2), 5.9% methyl stearate (C19H38O2), and 1.1% methyl myristate (C15H30O2). 

The hydroisomerization/hydrocracking of FAMEs was conducted in a continuous-downflow 

stainless steel fixed-bed reactor (ø=10 mm; L= 300 mm). Before starting the reaction, 2.0 g 

passivated catalysts were placed between a layer of quartz wool at top and glass beads (5 g) at 

bottom of the reactor, which was located at the middle of the vertical tubular furnace. When the 

reactor was heated to 360 °C, the H2 gas was fed into the reactor at a flow rate of 60 mL/min. 

The pressure inside the reactor was controlled to be constant at 30 bar by a back pressure 

regulator. FAMEs was then introduced into the reactor via a high-pressure liquid micro-pump 

at a weight hourly space velocity (WHSV) of 2.45 h−1. Each test was conducted with a time on 
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stream for 3 h. The liquid product was collected after waiting for 1 h to ensure that some liquid 

trapped in the catalyst or inside the reactor was removed. 

Qualitative analysis of the liquid products was carried out using a gas chromatography-

mass spectroscopy technique (GC-MS; Shimazu, GCMS-QP2020NX). The sample (10,000 

ppm of liquid product in ethyl acetate) was injected at 300 °C and the column temperature was 

heated from 40 °C to 280 °C with a heating rate of 5 °C/min. The liquid product was also 

quantitatively analyzed using a gas chromatography equipped with flame ionization detector 

(GC-FID; Agilent 7890A) using a similar method for GC-MS as mentioned above to calculate 

the degree of FAMEs conversion. 

3. Results and discussion

3.1. Catalyst characterization 

X-ray diffraction (XRD) analysis was conducted to examine the diffraction patterns of each

Ni-based catalyst as shown in Fig. 1. It was evidence that even after leaching the zeolite with 

NH4F/HF (10Ni/beta-HF), it still exhibited characteristic diffraction peaks (2θ = 6.60–9.17° 

and 21.82–23.14°). These peaks were attributed to the (101) plane, indicating a highly distorted 

structure resulting from various isomorphs, and the (302) plane, suggesting lattice 

contraction/expansion of the beta zeolite framework [12], respectively. This pattern closely 

resembled that of the parent zeolite (10Ni/beta). This indicated that the etching zeolite preserved 

the structure of zeolite. To study the impact of support and Ga loading on Ni crystalline size, 

the Ni crystallite size was estimated using Scherrer’s equation [13] as summarized in Table 1. 

The Ni crystalline size in the 10Ni/beta and 10Ni/beta-HF catalysts were 20.4 and 17.5 nm, 

respectively. It was observed that the modified support yields the smaller Ni particle sizes 

possibly due to its larger pore size [12], which induced the formation of smaller-sized Ni 

particles. When Ga was loaded into the catalyst, the Ni particle size was also decreased to 12.4 

nm for the 5Ni5Ga/beta-HF catalyst. It was possible that the addition of Ga inhibited the Ni 

agglomeration, resulting in a smaller size of Ni particle [10]. This result suggested that the 

addition of Ga improved the Ni dispersion. It was further confirmed by H2-TPR technique. As 

depicted in Fig. 2, the 5Ni5Ga/beta-HF catalyst showed the reduction profile indicating a higher 

temperature than the 10Ni/beta-HF catalyst. This result indicated a stronger interaction between 

Ni and the support material possibly related to the better Ni dispersion. 

Table 1. The Ni crystalline size in each Ni-based catalyst. 

Catalysts Ni crystalline size (nm)a 

10Ni/beta 20.4 

10Ni/beta-HF 17.5 

5Ni5Ga/beta-HF 12.4 

10Ga/beta-HF - 
a Calculated by XRD using Scherrer’s equation.
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Fig. 1 XRD pattern of each Ni-based catalyst. 

Fig. 2 H2 - TPR profiles of 10Ni/beta-HF and 5Ni5Ga/beta-HF catalysts. 

3.2. Catalytic performance 

To study the catalytic performance on FAMEs conversion into bio-jet fuel, the 10Ni/beta, 

10Ni/beta-HF, 5Ni5Ga/beta-HF, and 10Ga/beta-HF catalysts were comparatively evaluated in 

terms of FAMEs conversion and jet fuel range selectivity. As reported in Table 2, all catalysts 

exhibited the high catalytic performance on FAMEs conversion to achieved 94.9% to 98.1%.  
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The 10Ni/beta and 10Ni/beta-HF catalysts were first compared to study the effect of 

support. Although the jet-fuel range selectivity obtained from the system using 10Ni/beta 

(37.6%) and 10Ni/beta-HF (35.7%) catalysts did not show a significant difference, the product 

compositions based on structural similarity, as shown in Table 3 indicated that the 10Ni/beta-

HF catalyst provided the liquid product having the higher iso-/n-alkanes (i/n) ratio of 0.48. 

While the liquid product collected from the system using 10Ni/beta catalyst had i/n ratio of 

0.32. This suggested that the synergistic effect of the larger pore size of beta-HF associated 

with the enhanced Ni dispersion and a higher Bronsted acid to Lewis acid ratio (B/L ratio) of 

modified support [12] contributed the higher catalytic performance to convert n-alkanes to 

branched isomers. 

In the case of bimetallic catalysts, the addition of Ga to the catalyst exhibited a positive 

effect on the jet-fuel range selectivity (Table 3). Specifically, the jet-fuel range selectivity was 

improved from 35.7% over 10Ni/beta-HF to 44.9% over 5Ni5Ga/beta-HF catalyst. This result 

suggested that the catalytic performance of 10Ni/beta-HF can be further improved by the 

addition of Ga, leading the higher jet-fuel range selectivity. However, the jet-fuel range 

selectivity declined to 22.4% when the monometallic 10Ga/beta-HF catalyst was applied. 

The studied catalysts with different metal compositions also showed different product 

compositions based on structural similarity as shown in Table 3. The quantities of iso-alkanes 

in the liquid product obtained over the catalysts followed in the sequence of 5Ni5Ga/beta-HF 

> 10Ni/beta-HF > 10Ga/beta-HF. This implied that Ga could enhance the isomerization ability

of Ni-based catalysts [10]. On the other hand, the amounts of oxygen compounds obtained from

all catalysts displayed a different order of 10Ga/beta-HF > 5Ni5Ga/beta-HF > 10Ni/beta-HF.

This result implied that Ga did not promote hydrodeoxygenation, as evidenced by a higher

amount of oxygen compounds of 10Ga/beta-HF (65.9%) compared to 10Ni/beta-HF (21.2%).

Table 2. Effect of catalyst types on the FAMEs conversion and compositions in the liquid 

product based on the carbon number derived from hydroisomerization/hydrocracking of 

FAMEs. 

Catalysts FAMEs conversion Gasoline (≤C8) Jet (C9-C14) Diesel (≥C15) 

10Ni/beta 98.0 18.6 37.6 43.8 

10Ni/beta-HF 98.1 23.2 35.7 41.1 

5Ni5Ga/beta-HF 97.5 25.0 44.9 30.1 

10Ga/beta-HF 94.9 12.7 22.4 64.9 

Table 3. Effect of catalyst types on the product compositions based on structural similarity and 

i/n ratio obtained from hydroisomerization/hydrocracking of FAMEs.   

Catalysts 
n-

Alkanes 

iso-

Alkanes 
Cyclics Aromatics 

Oxy. 

comp. 

Unsat. 

comp. 
i/n ratio 

10Ni/beta 36.8 11.7 7.60 27.4 15.3 1.30 0.32 

10Ni/beta-HF 29.6 14.1 11.0 23.0 21.2 1.03 0.48 

5Ni5Ga/beta-HF 13.7 14.7 11.8 28.5 28.8 2.43 1.07 

10Ga/beta-HF 8.60 5.22 3.38 14.6 65.9 2.27 0.61 
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4. Conclusions

In summary, Ni-based catalysts were synthesized through the incorporation of a second

metal (Ga), while beta zeolite was modified via acid treatment (HF/NH4F) to use as the 

catalyst’s support. The physicochemical characterizations of the prepared catalysts were 

examined. XRD analysis revealed that the modification of beta zeolite via acid treatment did 

not significantly affect its structure. However, this modification provided the smaller crystalline 

size of Ni particles deposited on the surface of the modified beta catalyst. This indicated the 

effective suppression of the agglomeration of Ni particles and provided a higher iso-/n-alkanes 

ratio at 0.48. Additionally, H2-TPR analysis indicated the shifted of the reduction peaks toward 

the higher temperature, which implied that the incorporation of Ga could reduce the crystalline 

size of Ni by the synergistic interaction between Ni and Ga, thereby enhancing catalytic 

performance. Specifically, the 5Ni5Ga/beta-HF catalyst exhibited the highest selectivity for jet-

fuel range of 44.9%, with iso-/n-alkanes ratio of 1.07. 
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Abstract 

The Paris Agreement aims to reduce global warming by 45% by 2030 and reach a net-zero 

target by 2050, CO2 emissions have also become the trend right now to reduce global warming 

and gain credit from it. Heat Exchanger Network Synthesis (HENS) is a method to reduce 

energy use, affecting environmental, social, and economic impact. Stage-wise superstructure 

(SWS) is a mathematical programming model using Mixed Integer Nonlinear Programming 

(MINLP) to synthesize HENS. The area term in SWS becomes an obstacle for the 

computational process because of nonlinearity. This research will be focused on the sustainable 

aspect by adding a CO2 emission variable into the SWS model and reducing nonlinear terms. 

The credit gained from CO2 emission reduction by exchanger-heat recovery will be subtracted 

from overall cost in the objective function. The linearization method will be applied to reduce 

nonlinear terms in the model by converting the continuous model to a discrete model. 

Linearization terms will significantly reduce the processing time problems and make more 

robust HENS models to generate the most cost-effective design. 

Keywords: Heat Exchanger Network Synthesis; CO2 Emission; Sustainability; Linearization. 

1. Introduction

Global warming is a world problem right now. The Paris Agreement aims to reduce 45%

emissions by 2030 and reach the net zero target by 2050 world, result reduces temperature to 

1.5 degrees Celsius. Decreasing energy in several resources such as natural gas and coal, opens 

the eyes of people worldwide to begin to find alternative energy resources. In another way we 

also need to investigate the sustainability aspect of energy usage. Energy recovery is one of the 

solutions to use our energy sustainably. Heat Exchanger Network Synthesis (HENS) is used to 

generate energy recovery. It can be connected to minimizing Total Annual Cost (TAC). Carbon 

credit is currently an alternative to maximize profit from credit to reducing CO2 emissions. The 

stage-wise superstructure (SWS) model from Yee and Grossman [1] is a mathematical 

programming model using MINLP to synthesize HENS. The area term in SWS becomes an 

obstacle for the computational process because of nonlinearity. SWS model from Yee and 

Grossman [1] were popular models that we used to find the optimal HEN design for this study. 

Moreover, the area variable specific on the Logarithmic Mean Temperature Difference 

(LMTD) term still becomes problematic in finding solutions due to the non-convex and 

nonlinearity. Chen approximation [3] changed the area term to become less nonlinear, this 

method still has limitations in finding the solution.  

This research will focus on developing the area term in HEN model to minimize TAC. Faria 

and Bagajewicz [2] present the linearization method by converting the temperature difference 
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variable to parameter. On this research some constraints, and logic were slightly different from 

the Faria and Bagajewicz [2].   

2. HEN Model

This research reduced the nonlinear from the model by adding the assumption that is listed

below this. 

• Heat exchangers use countercurrent model

• Heat capacities value is constant

• Heat transfer coefficients value is constant

2.1.Objective Function 

Objective Function to reduce the Total Annual Cost (TAC) by minimizing the variable that 

becomes a parameter of Capital Expenditure (CAPEX) and Operation Expenditure (OPEX). 

TAC is the trade-off between utilities, CO2 carbon credit, unit number, and area. 

𝒎𝒊𝒏   (𝐶𝑐𝑢∑ qcu(𝐼)

𝐼

− 𝐶𝑐𝑢𝑐𝑎𝑟𝑏𝑜𝑛∑𝑞(𝐼, 𝐽, 𝐾)

𝐽,𝐾

+ 𝐶ℎ𝑢∑ qhu(𝐽) − 𝐶ℎ𝑢𝑐𝑎𝑟𝑏𝑜𝑛∑𝑞(𝐼, 𝐽, 𝐾)

𝐼,𝐾𝐽

+ 𝐶ℎ𝑒∑ 𝑧(𝐼, 𝐽, 𝐾)

𝐼,𝐽,𝐾

+∑𝑧𝑐𝑢(𝐼)

𝐼

+∑𝑧ℎ𝑢(𝐽)

𝐽

+ 𝐶𝐴ℎ𝑒∑ 𝑎(𝐼, 𝐽, 𝐾)

𝐼,𝐽,𝐾

+ 𝐶𝐴𝑐𝑢∑𝑎𝑐𝑢(𝐼)

𝐼

+ 𝐶𝐴ℎ𝑢∑𝑎ℎ𝑢(𝐽)

𝐽

) 

(1) 

2.2.Overall heat balance for each stream 

(𝑇𝐼𝑁𝐼(𝐼) − 𝑇𝑂𝑈𝑇𝐼(𝐼)) ⋅ 𝐹(𝐼) =∑𝑞(𝐼, 𝐽, 𝐾)

𝐽,𝐾

+ qcu(I)
(2) 

(𝑇𝑂𝑈𝑇𝐽(𝐽) − 𝑇𝐼𝑁𝐽(𝐽)) ⋅ 𝐹(𝐽) =∑𝑞(𝐼, 𝐽, 𝐾)

𝐼,𝐾

+ qhu(𝐽)
(3) 

2.3. Heat balance at each stage 

(𝑡𝑖𝑖,𝑘 − 𝑡𝑖𝑖,𝑘+1) ⋅ 𝐹 (𝐼) =∑𝑞(𝐼, 𝐽, 𝐾)

𝑗 (4) 

(𝑡𝑗(𝐽, 𝐾) − 𝑡𝑗(𝐽, 𝐾 + 1)) ⋅ 𝐹(𝐽) =∑𝑞(𝐼, 𝐽, 𝐾)

𝐼

 
(5) 

2.4. Superstructure inlet temperature 

𝑇𝐼𝑁𝐽(𝐽) = 𝑡𝑗(𝐽, 𝑁𝑂𝐾 + 1) (6) 

𝑇𝐼𝑁𝐽(𝐽) = 𝑡𝑗(𝐽, 𝑁𝑂𝐾 + 1) (7) 
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2.5.Feasibility of temperatures 

 𝑡𝑖(𝐼, 𝐾) ≥ 𝑡𝑖(𝐼, 𝐾 + 1) (8) 

 𝑡𝑗(𝐽, 𝐾) ≥ 𝑡𝑗(𝐽, 𝐾 + 1) (9) 

𝑇𝑂𝑈𝑇𝐼(𝐼) ≤ 𝑡𝑖(𝐼, 𝑁𝑂𝐾 + 1) (10) 

 𝑇𝑂𝑈𝑇𝐽(𝐽) ≥ 𝑡𝑗(𝐽, 𝐾1) (11) 

2.6. Hot and Cold Utility Load 

(𝑡𝑖(𝐼, 𝑁𝑂𝐾 + 1) − 𝑇𝑂𝑈𝑇𝐼(𝐼)) ⋅ 𝐹(𝐼) = qcu(𝐼) (12) 

 (𝑇𝑂𝑈𝑇𝐽(𝐽) − 𝑡𝑗(𝐽, 𝐾1)) ⋅ 𝐹(𝐽) = qhu(𝐽) (13) 

2.7. Logical Constrains 

𝑞(𝐼, 𝐽, 𝐾) − Ω ⋅ 𝑧(𝐼, 𝐽, 𝐾) ≤ 0 (14) 

𝑞ℎ𝑢(𝐽) − Ω ⋅ 𝑧ℎ𝑢(𝐽) ≤ 0 (15) 

 𝑞𝑐𝑢(𝐼) − Ω ⋅ 𝑧𝑐𝑢(𝐼) ≤ 0 (16) 

𝑧(𝐼, 𝐽, 𝐾), 𝑧𝑐𝑢(𝐼), 𝑧ℎ𝑢(𝐽)  =  0 , 1 (17) 

2.8. Approach Temperature 

 ∆t(𝐼, 𝐽, 𝐾) ≤ (𝑡𝑖(𝐼, 𝐾) − 𝑡𝑗(𝐽, 𝐾)) + 𝛤 ⋅ (1 − 𝑧(𝐼, 𝐽, 𝐾 + 1)) (18) 

∆t(𝐼, 𝐽, 𝐾 + 1) ≤ (𝑡𝑖(𝐼, 𝐾 + 1) − 𝑡𝑗(𝐽, 𝐾 + 1)) + 𝛤 ⋅ (1 − 𝑧(𝐼, 𝐽, 𝐾)) (19) 

 ∆tcu(𝐼) ≤ (𝑡𝑖(𝐼, 𝑁𝑂𝐾 + 1) − ToutCU) + 𝛤 ⋅ (1 − 𝑧𝑐𝑢(𝐼)) (20) 

 ∆thu(𝐽) ≤ (ToutHU− 𝑡𝑗(𝐽, 𝐾1)) + 𝛤 ⋅ (1 − 𝑧ℎ𝑢(𝐽)) (21) 

2.9. Minimum Approach Temperatures 

 ∆t(𝐼, 𝐽, 𝐾) ≥ EMAT (22) 

 ∆tcu(𝐼) ≥ EMAT (23) 

 ∆thu(𝐽) ≥ EMAT (24) 

d∆t(𝐼, 𝐽, 𝐾) = 𝑡𝑖(𝐼, 𝐾) − 𝑡𝑗(𝐽, 𝐾) (25) 

2.10. Area Calculation 

𝑎𝑖𝑗𝑘 =

(

𝑞𝑖𝑗𝑘 (
1

𝑈𝐻(𝑖)
+

1
𝑈𝐶(𝑗)

)

(∆𝑡𝑖𝑗𝑘 ⋅ ∆𝑡𝑖𝑗𝑘+1
∆𝑡𝑖𝑗𝑘 ⋅ ∆𝑡𝑖𝑗𝑘+1

2 )
1/3

)

 

𝐵exp

(26) 

𝑎𝑖,𝐶𝑈 =

(

𝑞𝑖,𝐶𝑈 (
1

𝑈𝐻(𝑖)
+

1
𝑈𝐶𝑈

)

(∆𝑡𝑐𝑢𝑖 ⋅ (𝑇𝑂𝑈𝑇𝐼(𝑖) − 𝑇𝐼𝑁𝐶𝑈)
∆𝑡𝑐𝑢𝑖 ⋅ (𝑇𝑂𝑈𝑇𝐼(𝑖) − 𝑇𝐼𝑁𝐶𝑈)

2
)
1/3

)

𝐵exp

(27) 

𝑎𝑗,𝐻𝑈 =

(

𝑞𝑗,𝐻𝑈 (
1

𝑈𝐶(𝑗)
+

1
𝑈𝐻𝑈

)

(∆𝑡ℎ𝑢𝑗 ⋅ (𝑇𝐼𝑁𝐻𝑈 − 𝑇𝑂𝑈𝑇𝐽(𝑗))
∆𝑡ℎ𝑢𝑗 ⋅ (𝑇𝐼𝑁𝐻𝑈 − 𝑇𝑂𝑈𝑇𝐽(𝑗))

2
)

1/3

)

 

𝐵exp

(28) 
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Eq. (26-28) is the equation of area calculation using the approach by Chen [5], this 

equation helps reduce nonlinearity. Eq. (1-25) are adapted from SWS model proposed by 

Yee and Grossman [1]. 

3. Linearization Model

This model was inspired by Faria and Bagajewicz [2]. The model is slightly different where 

Eq. (31-34) to discrete the temperature difference, N+1 and M+1 at Eq. (30,32) is the logic for 

discrete temperature difference. Rn and Rm are number of discrete at each stage, Eq. (33,34) 

Rn and Rm use to limit the discrete number to equal 1 match between ∆td1𝐼,𝐽,𝐾,𝑁  and 

∆td2𝐼,𝐽,𝐾,𝑀. Eq. (35-38) are the constrains to substitute ∆td1𝐼,𝐽,𝐾,𝑁 and ∆td2𝐼,𝐽,𝐾,𝑀 into area term 

in Eq. (26-28), 𝐺𝐼,𝐽,𝐾,𝑁,𝑀 at Eq. (35) are represent of LMTD.

∑𝑅𝑛𝐼,𝐽,𝐾,𝑁
𝑁

⋅ ∆td1𝐼,𝐽,𝐾,𝑁 ≤ ∆t𝐼,𝐽,𝐾 ≤∑𝑅𝑛𝐼,𝐽,𝐾,𝑁
𝑁

⋅ ∆td1𝐼,𝐽,𝐾,𝑁+1 
(29) 

∑𝑅𝑛𝐼,𝐽,𝐾+1,𝑁
𝑁

⋅ ∆td1𝐼,𝐽,𝐾+1,𝑁 ≤ ∆t𝐼,𝐽,𝐾+1 ≤∑𝑅𝑛𝐼,𝐽,𝐾+1,𝑁
𝑁

⋅ ∆td1𝐼,𝐽,𝐾+1,𝑁+1 
(30) 

∑𝑅𝑚𝐼,𝐽,𝐾,𝑀
𝑀

⋅ ∆td2𝐼,𝐽,𝐾,𝑀 ≤ ∆t𝐼,𝐽,𝐾 ≤∑𝑅𝑚𝐼,𝐽,𝐾,𝑀
𝑀

⋅ ∆td2𝐼,𝐽,𝐾,𝑀+1 
(31) 

∑𝑅𝑚𝐼,𝐽,𝐾+1,𝑀
𝑀

⋅ ∆td2𝐼,𝐽,𝐾+1,𝑀 ≤ ∆t𝐼,𝐽,𝐾+1 ≤∑𝑅𝑚𝐼,𝐽,𝐾+1,𝑀
𝑀

⋅ ∆td2𝐼,𝐽,𝐾+1,𝑀+1 

(32) 

∑𝑅𝑛𝐼,𝐽,𝐾,𝑁
𝑁

= 1 
(33) 

∑𝑅𝑚𝐼,𝐽,𝐾+1,𝑀
𝑀

= 1 
(34) 

𝑞𝐼,𝐽,𝐾 ⋅ (
1

𝑈𝐻(𝐼)
+

1

𝑈𝐶(𝐽)
) −∑𝐵𝐼,𝐽,𝐾,𝑁,𝑀

𝑁,𝑀

⋅ 𝐺𝐼,𝐽,𝐾,𝑁,𝑀 ≤ 0 

(35) 

∑𝐵𝐼,𝐽,𝐾,𝑁,𝑀
𝑁

−𝛹 ⋅ 𝑅𝑚𝐼,𝐽,𝐾,𝑀 ≤ 0
(36) 

∑𝐵𝐼,𝐽,𝐾+1,𝑁,𝑀
𝑀

−𝛹 ⋅ 𝑅𝑛𝐼,𝐽,𝐾+1,𝑁 ≤ 0
(37) 

∑𝐵𝐼,𝐽,𝐾,𝑁,𝑀
𝑁,𝑀

− 𝑎𝐼,𝐽,𝐾 = 0
(38) 

4. CO2 Emissions Variable

Carbon credit relates to reduction of CO2 emission from heat exchanger load or energy

saving from utility in HEN. The price of carbon in this research uses is 0.04$/kg of CO2 [3]. 

Calculation of carbon credit comes from total energy that HEN recovers or from hot and cold 

utility saving. 

Table 1 CO2 production of electricity and heat from several technology and energy source [4] 

Technology and 

Source for Hot and 

Cold Utility 

Overall CO2 Emission (After 

Calculated with Efficiency of 

Combustion) (kg CO2 (kWh)-1) 
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electricity production 

Coal-fired power plant 0.955 

Methane 0.467 

Oil and Diesel 0.748 

heat production 

Coal to Steam 0.401 

Methane to steam 0.221 

Hot utility heat source is from methane to steam combustion from Table 1, this is an 

assumption of no specific information of what source and technology of hot utility and cold 

utility from study case Table 4. Cold utility energy source come from electricity, this research 

took example of Thailand electricity source composition, the data presented in Table 2. 

Table 2 Share of Electricity Generation by Energy Source from EGAT 2023 [7]. 

Type of Fuel Percentage (%) 

Natural gas 60.47 

Coal 19.31 

Renewable energy 17.78 

Fuel oil and palm oil 0.19 

Diesel oil 1.37 

Other (Laos, Malaysia, 

Lamtakong Jolbha Vadhana) 
0.88 

Total 100.00 

Natural gas, coal, and diesel oil data from Table 2 are the main sources of CO2 emission 

from Thailand electricity. Energy composition percentage used in calculation for CO2 emission 

shows in Table 3. 

Table 3 CO2 Variables Input Calculation

Carbon price * Energy Composition percentage * CO2 Emission 

Ccucarbon 0.04$/kgCO2 * ((0.6047 * 0.467kgCO2/kWh) + (0.1931*0.955kgCO2/kWh) 

+ (0.0137 * 0.748kgCO2/kWh))

Chucarbon 0.04$/kgCO2 * (1 * 0.221kgCO2/kWh) 

Note: Table 3 is calculation variable for objective function at Eq (1). 

5. Result and Discussion

Study case processing with GAMS software (version 24.2.1), MINLP model is solve using

DICOPT (version 24.2.1) in laptop (AMD RYZEN™ 7 5800H CPU @3.20 GHz, Ram 16 GB). 

This researcher also does the comparison with different EMAT to observe the effect of changes 

in the EMAT due to Total Annual cost and amount of energy recovery at stream which is related 

to CO2 emission reduced.  

Table 4 Study Case from Faria and Bagajewicz [2] 

Stream 
Ti To H F 

K K kW/(m2K) kW/K 

H1 433.15 366.15 0.06 2.634 

H2 522.15 411.15 0.06 3.162 
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H3 500.15 339.15 0.06 4.431 

H4 472.15 339.15 0.06 5.319 

C1 333.15 433.15 0.06 2.286 

C2 389.15 495.15 0.06 1.824 

C3 311.15 494.15 0.06 2.532 

C4 355.15 450.15 0.06 5.184 

C5 366.15 478.15 0.06 4.170 

CU 311.15 355.15 0.06 

HU 544.15 422.15 0.06 

EMAT = 10 

Table 5 Cost Variables of Study Case [2] 

Che ($) CA ($/m2) C($/kWyear) 

HE 5291.9 77.79 
CU 77.79 53349*1 

HU 77.79 566167*2 

Note: *1 cost variable for Ccu and *2 cost variable for Chu 

Figure 1 This Research Result of study case with EMAT =10 

Fig (1) shows the area and number of energy used at each heat exchanger and utilities. 

The design for heat exchanger network has eight units of heat exchangers, one hot utility, and 

two cold utilities. The result from the study case had TAC of  99,280.37 k$/year, which is 

lower than reference [1]. Parameter cost and the EMAT of the study case referenced from Table 

(4,5). The total energy recovery from HEN or savings in hot and cold utilities is 3386.87 kW, 

equivalent to reducing 10,355.26 ton CO2/year. 
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Table 6 This Research Result Comparison with Different EMAT Value 

EMAT Energy Recovery 

(kW) 

Total Annual Cost 

(k$/year) 

7 3,411.18 91,852.39 

8 3,393.59 97,044.89 

9 3,390.50 98,150.66 

10 3,386.87 99,280.37 

11 3,370.06 104,509.37 

Table 6 shows the difference between EMAT values due to TAC, in this case lowering 

the EMAT value result lowers the objective function result.  

Figure 2 This Result of Study Case with EMAT =7 

The amount of CO2 emissions reduced is relied on the number of total energy used, 

change the EMAT is method to minimizing objective function. Increasing or decreasing the 

EMAT does not always show the minimum TAC it is dependent on each case. Fig (2) shows 

the different HEN design of study case with EMAT = 7 the TAC is 91,852.39 k$/year, this 

significantly minimizing the TAC with total energy recovery 3411.18 kW, equivalent of 

reducing 10,429.74 ton CO2/year. 

6. Conclusions

The research presented the HEN model combined with linearization method and CO2 

emission variable. Discrete temperature differences and the upper bound limit of Ω, Γ, and Ψ 

are the key to this method. Moreover, constrain variables must have efficient logic to help 

simplify the process. The model from this research successfully generated minimized TAC and 

reduced CO2 emission for sustainability energy and environment. EMAT value also affects the 
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energy recovery, and the amount of CO2 emission reduces. Choosing the EMAT value has 

limitation due to the technology of heat exchanger. 

Nomenclature 

Set: 

I = hot streams 

J = cold streams  

K = stages  

N, M = discretized parameter 

Parameters:  

TINI = inlet temperature of hot stream 

TOUTI = outlet temperature of hot stream 

TINJ = inlet temperature of Cold stream 

TOUTJ = outlet temperature of Cold stream 

Ccu = cold utilities cost  

Chu = hot utilities cost  

CA = area cost   

Che = fixed cost of heat exchanger   

FI = heat capacity flowrate of hot stream I on 

the hot side of stage K 

FJ = heat capacity flowrate of cold stream J on 

the hot side of stage K 

H = heat transfer coefficient 

NOK = number of stages 

Bexp = exponent value from cost 

Ω = upper bound for exchanged heat  

Γ = upper bound for temperature difference 

Ψ = upper bound for areas   

EMAT = exchanger minimum approach 

temperature  

∆td = discretized temperature difference in 

stage K 

Variables:  

Δt I, J, K  = temperature difference in stage k for 

match between stream I and J  

ΔTcu = temperature difference for match 

between stream I and cold utility  

ΔThu = temperature difference for match 

between stream J and hot utility  

q I, J, K   = exchanged heat for hot and cold 

stream match in stage K 

qcu = cold utility for stream I  

qhu = hot utility for stream J   

Ccucarbon = calculation of CO2 emission  

R, B, G = variable linearization to discrete the 

temperature difference  

z = binary variable for (I, J) match in stage k  

zcu = binary variable for cold utility in hot 

stream   

zhu = binary variable for hot utility in cold 

stream 
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Abstract 

A composite hollow fiber (HF) membrane was created, combining a porous polyether 

imide (PEI) support layer with a dense, selective Pebax layer. The key to its separation 

efficiency lies in the thickness and structure of this selective layer. The layer was applied to the 

support using a dip coating method, a straightforward technique offering easy control over film 

thickness. This study explored how different dip coating conditions, like polymer concentration 

and number of coating cycles, impact the membrane. The PEI support layer of the HF 

membrane is dipped in a dip coating solution, and the resulting Pebax-coated HF membranes 

were further crosslinked using a solution of toluene diisocyanate (TDI) in n-hexane to improve 

both their mechanical resilience and CO2/CH4 separation ability. Various attributes of the final 

membrane were thoroughly examined, including the selective layer thickness, the mechanical 

strength of the membrane, as well as membrane performance (e.g., selectivity and permeance). 

The result revealed that the thickness of the selective film was easily controlled by adjusting 

coating concentrations and coating cycles. A membrane with a thicker layer exhibited a better 

mechanical strength, and improved selectivity but at a cost of gas permeance. Detailed and 

systematic investigation to obtain the optimal film thickness is highly recommended. 

Keywords:  dip coating; film thickness; hollow fiber membrane; Pebax; membrane gas 

separation 

1. Introduction

In recent years, membrane technology has emerged as a promising candidate for efficient 

gas separation processes. It provides a more energy-efficient and cost-effective alternative to 

conventional gas separation technologies, including chemical absorption, pressure swing 

adsorption, and cryogenic distillation [1]. The main advantages of membrane-based technology 

include lower energy consumption, process simplicity, smaller unit size, easy upscaling, and 

lower environmental impact [2, 3]. Among various gas separation applications, the separation 

of gases such as carbon dioxide (CO2) and methane (CH4) from natural gas is of particular 

significance due to their roles in environmental concerns and industrial processes [4, 5]. 

Choosing materials to fabricate the membranes’ selective layer is a key factor in 

successfully separating specific gas mixtures. One of the materials suitable for the CO2/CH4 

separation is polyether block amide (PEBA), trade name “Pebax”. It is a thermoplastic 

elastomer multiblock copolymer containing linear chains of rigid polyamide (PA) segments 

interspaced with flexible polyether (PEO) segments [6, 7]. The hard PA blocks provide 
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mechanical stability while soft PEO blocks increase the affinity for CO2 and improve CO2/CH4 

species separation performance [8-10].  

The efficiency of membrane-based separation is determined by two key factors: permeance 

and selectivity. However, these factors are inversely related; membranes with high permeance 

often exhibit low selectivity, and vice versa [11, 12]. Achieving a membrane that offers both 

high flow rates (or permeance) and high selectivity necessitates a design with minimal mass 

transfer resistance, often achieved through thin membranes. However, crafting a thin, self-

supporting film that can endure typical operational pressures poses significant challenges. An 

optimal approach to address this issue is the development of thin film composite membranes. 

These membranes comprise a very thin, densely selective layer atop a porous support structure, 

offering an effective way to balance and enhance both permeance and selectivity while 

maintaining structural integrity [13, 14]. The porous support is usually created via phase 

inversion, whereas the selective layer is fabricated through plasma polymerization, dip-coating, 

dual-layer spinning, and interfacial polymerization [15]. 

Dip-coating involves the immersion of a porous support into a polymer solution, followed 

by controlled withdrawal to form a thin, dense, selective layer of the membrane. It is a 

straightforward, cheap, and time-effective coating technique that allows control of film 

thickness by tuning the dipping conditions such as polymer concentration, viscosity of the dip-

coating solution, withdrawal speed, dwell time, and number of coating cycles [16-18]. 

Therefore, understanding the relationship between dip coating conditions and film thickness is 

essential for tailoring membranes with optimal separation performance. 

In this work film composite hollow fiber (HF) membranes were fabricated. The support was 

fabricated in hollow fiber (HF) configuration using polyether imide (PEI) and the Pebax was 

coated on top via a dip-coating method. To use in CO2/CH4 separation, the selective film was 

cross-linked. This study focuses on investigating how dip coating conditions, specifically the 

concentration of the polymer and the number of coating cycles, influence the thickness of the 

selective layer film. Additionally, it aims to assess the impact of these variables on the 

separation efficiency of crosslinked Pebax/PEI composite hollow fiber membranes (HFMs). 

2. Materials and Methods

2.1. Materials 

Polyether block amide (Pebax, MH-1657) was purchased from Arkema Inc. (Germany). 

Ethyl Alcohol (EtOH, ≥99.9%), was purchased from QRec (New Zealand). The solvents for 

the crosslinking solution were toluene diisocyanate (TDI, 98%) purchased from TCI (Japan), 

and n-hexane (95%) purchased from QRec (New Zealand). PEI-HF supports were fabricated 

using Polyetherimide (PEI) granule purchased from Sigma-Aldrich (USA) and n-Methyl-2-

Pyrrolidone (NMP, 99.5%) purchased from RCI Labscan Ltd. (Thailand). 

2.2. Preparation of Pebax Dip-coating Solution 

Pebax MH-1657 granules were dissolved in a solvent mixture of ethyl alcohol and water 

(70/30 wt.%) to a concentration of 7 and 10 wt.% by continuous heating and stirring at 60°C 

until homogenized. 

2.3. Dip-coating and Forming of Selective Layer 
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To investigate the effect of the dip-coating solution concentration and the number of 

dipping cycles, the porous PEI HF support layers were dipped into the prepared 7 and 10 wt.% 

Pebax coating solution from 3 to 10 dip-coating cycles at room temperature. Each dip-coating 

cycle comprised of 10 seconds immersion, 1 minute of dwelling, 1 minute of withdrawal, and 

drying for 5 minutes in an oven at 60°C to let the solvent evaporate completely before repeating 

the next dip-coating cycle. The finalized dip-coated PEI/Pebax composite HF membranes were 

dried overnight in the oven at 60°C to fully remove the solvent. 

2.4. Crosslinking of PEI/Pebax Composite HF Membranes 

The PEI/Pebax composite HF membranes were immersed in a crosslinking solution of 

2.17% v/v TDI in n-hexane for 60 minutes. Then the crosslinked membranes were washed 

thoroughly in a circulating water bath for 15 minutes before being dried in an oven at 60°C 

overnight. 

2.5. Characterization of PEI/Pebax Composite HF Membranes 

The morphology of the membrane was investigated by a S-3400N scanning electron 

microscope (SEM) (Hitachi, Japan). The mechanical strength of the membrane was 

investigated using a 5566-model universal testing machine (UTM) (Instron, USA). The 

crystallinity of the membranes was characterized by x-ray diffraction (XRD) analysis using a 

D8 Advance diffractometer (Bruker, Germany) with Cu-Kα radiation (λ=1.5418 Å). 

2.6. Membrane Performance Test 

The prepared membranes were packed in a size ¼” stainless-steel module. The module was 

attached to a custom-developed gas separation system shown in Fig. 1. To investigate the 

performance, the membranes were tested with a gas mixture of CO2 and CH4 at a 40/60 molar 

ratio at a constant operating temperature of 35°C and pressure at 20 bar. The gas composition 

was controlled by a mass flow controller. The flow diagram is shown in Fig. 2. The gas mixture 

was fed with a flow rate of 50 ml/min to the shell side of HF membrane module. Helium gas 

was fed into the inside of the HF membrane to carry the permeate gas to the chromatography. 

The flow rate and gas composition were measured by a VP-2 film flow meter (Horiba Stec, 

Japan) and a GC-2014C gas chromatography (Shimadzu, Japan) respectively. 

Fig. 1  A custom-developed gas separation system 
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Fig. 2  Flow diagram of the gas separation system 

The gas permeability and selectivity of the Pebax/PEI composite HF membranes can be 

calculated from Eq. (1) and Eq. (2) respectively. 

𝒫𝒾 =
𝐽𝒾ℓ

(𝑝𝒾,0−𝑝𝒾,𝑋)
(1) 

when  𝒫𝒾 is permeance of gas 𝒾 [GPU] 

𝐽𝒾  is flux of gas 𝒾 [cm3/cm2 ⋅ s] 
ℓ   is membrane selective layer thickness [cm] 
(𝑝𝒾,0 − 𝑝𝒾,𝑋) is transmembrane pressure of gas 𝒾 [bar] 

when  1 GPU is 10-6 cmSTP
3

cm2∙s∙cmHg

𝛼𝒾𝑗 =
𝒫𝒾

𝒫𝑗
(2) 

when  𝛼𝒾j is selectivity of gas 𝒾 

𝒫𝒾 is permeance of gas 𝒾 
𝒫𝑗   is permeance of gas 𝑗 

3. Results and Discussion

3.1. Effect of Polymer Concentration and coating cycle on Film Thickness 

The influence of polymer concentration on the film thickness coated on HF supports was 

investigated (see Fig.3) and the results are summarized in Table 1. It was found that an increase 

in the concentration of dip-coating solution resulted in an increased film thickness.  

Table 1.  Summarized selective layer thickness and membrane diameter 

Pebax 

concentration 

(wt.%) 

Number of coating cycle 

9 cycles 10 cycles 

Selective layer 

thickness (µm) 

Membrane 

diameter (µm) 

Selective layer 

thickness (µm) 

Membrane 

diameter (µm) 

7% 200.67 812.36 260.70 928.30 

10% 282.15 966.67 330.59 1047.55 
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Fig. 3  SEM images of Pebax/PEI HFMs dip-coated at 7 wt.% (left) and 10 wt.% (right) with 

9 (top) and 10 dip-coating cycles (bottom). 

Additionally, the film thickness and overall diameter (support + coated layer) of membranes 

increased with the increasing coating cycles. The selective layer thickness and membrane 

diameter are summarized in Fig. 4. 

Fig. 4  Effect of the number of coating cycles on selective layer thickness and membrane 

diameter 

3.2. Effect of Number of Coating Cycles on Membrane Strength 

The dipping cycles and the film thickness were also found to directly affect the mechanical 

strength of the membranes as illustrated in Fig.5. When increasing the number of coating cycles, 

the mechanical strength of the membrane, which can be represented by tensile stress at yield of 

the membrane, increased.  

      

  wt.% 

9 cycles

      

1  wt.% 

9 cycles

      

  wt.% 

1  cycles

      

1  wt.% 

1  cycles
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Fig. 5  Effect of number of coating cycle on mechanical strength 

3.3. Effect of Number of Coating Cycles on Membrane Separation Performance 

The membranes were chemically crosslinked to improve mechanical strength and selectivity 

before the performance test. The successfully crosslinked membranes can be verified using the 

XRD technique (Fig. 6) as the intensity of crystallinity peak at 2θ = 24° [19, 20] has changed 

after the crosslink. The performance of the crosslinked membranes with different coating cycles 

is compared in Fig.7. Increasing the number of coating cycles resulted in a decline in gas 

permeance but an enhancement in the CO2/CH4 selectivity. The increased thickness of the 

selective layer extends the diffusion path for gas molecules, leading to greater resistance in 

membrane transport. Consequently, gas diffusion through a thicker membrane becomes more 

challenging [21]. Given that the Pebax selective layer exhibits a higher affinity for CO2 

compared to CH4, the selectivity for CO2 over CH4 is further enhanced in membranes with 

thicker selective layers. 

Fig. 6  XRD result of non-CL and CL Pebax/PEI TFC-HFM 
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Fig. 7  Separation performance of Pebax/PEI – HFMs prepared at different coating cycles; 

a) CO2 permeance, b) CH4 permeance, and c) CO2/CH4 selectivity.

4. Conclusions

Pebax MH-1657/PEI HFMs were prepared using a dip-coating technique. The effect of dip-

coating conditions on film thickness and CO2/CH4 separation performance were investigated, 

this includes polymer concentration and number of coating cycles. For the polymer 

concentration, increasing the concentration results in increased selective film thickness. For the 

number of coatings cycles, increasing the number of coating cycles directly increases the 

selective film thickness which in turn increases the mechanical strength of the membrane as a 

result. Additionally, increasing the number of coatings cycles results in a decrease in gas 

permeance and an increase in membrane CO2/CH4 selectivity. However, the separation 

performance results still need more investigation and clarification on the effect of changes in 

operating pressure which will be studied further. 
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Abstract 

The glycerolysis process required a high temperature to react. So, the catalyst plays a 

pivotal role in enhancing process efficiency by increasing productivity and reducing energy 

consumption. However, homogeneous catalysts are not economically viable for recovery and 

reuse. Therefore, the use of heterogeneous catalysts has been explored to address these issues. 

Nevertheless, the catalytic activity of heterogeneous catalysts is limited by factors such as 

active site dispersion, stability, and the quantity of active sites. To address these limitations, 

K-ZrO2 metal-organic frameworks (MOFs) have emerged as a promising solution. K-ZrO2 is

a mesoporous catalyst substance synthesized through a direct heat-treatment process that

involves loading KNO3 on the UiO-66 metal-organic framework. Consequently, this research

aims to investigate the catalysts properties and characterization concerning calcined

temperature and quantity of loaded KNO3, with the objective of enhancing understanding of

catalyst.

Keywords: Glycerolysis; Catalyst; UiO-66 derived K-ZrO2 

1. Introduction

Glycolysis, a reaction that requires high temperatures, is commonly employed to produce

MGs and DGs, which find applications in the food and pharmaceutical industries [1]. 

Catalysts are primarily classified as either heterogeneous or homogeneous based on the 

phase criteria of the reactant and catalyst. However, homogeneous catalysts are not 

economically viable for recovery and reuse in the transesterification process. Therefore, the 

use of heterogeneous catalysts has been explored to address these issues. Nevertheless, the 

catalytic activity of heterogeneous catalysts is limited by factors such as active site dispersion, 

stability, and the quantity of active sites [4-6]. Metal-organic frameworks (MOFs) have 

emerged as a technology to overcome the challenges associated with both heterogeneous and 

homogeneous catalysts. 

MOFs are substances characterized by the coordination between metal ions and organic 

ligands, resulting in complex topological structures. These materials offer significant porosity, 

uniform pore size, and the ability to customize their characteristics and activity by 

incorporating different metal ions, organic ligands, or loaded ion substances onto MOFs [2]. 

K-ZrO2 is a mesoporous catalyst substance synthesized through a direct heat-treatment

process that involves loading KNO3 on the UiO-66 metal-organic framework. This process 

results in the formation of carbon molecules, which serve as mesoporous templates and 

provide base-resistant reinforcement for zirconia. The resulting K-ZrO2 catalysts exhibit high 

surface area and basicity properties [3-4].  
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2. Experimental

2.1. Materials and Chemicals 

      Zirconium (IV) chloride (ZrCl4) 98%, anhydrous, N,N-Dimethylformamide (DMF), 

>=99.8% , Methanol and  Potassium nitrate (KNO3) was provided by Thermo Scientific, UK. 

1,4-benzenedicarboxylic acid (BDC) was provided by Acros Organics, Belgium. N-heptane 

99% was provided by Baker analyzed, USA. 

2.2. Catalyst preparation 

The preparation of UiO-66, 1.4 g of ZrCl4 and 1.02 g of 1,4-benzenedicarboxylic acid 

(BDC) were initially blended with 62 mL of dimethylformamide (DMF). The resulting 

mixture was heated in a stainless-steel vessel with a Teflon liner at 120 °C for 24 hours to 

activate it. Subsequently, the catalyst was purified through sequential refluxing with DMF and 

methanol. Finally, the dry catalyst was obtained by subjecting it to treatment at 100 °C for 3h. 

Fig. 1 Preparation of UiO-66 catalyst 

 The preparation of modified UiO-66 (K-ZrO2), 800 mg of UiO-66 was suspended in 100 

mL of dry n-heptane and sonicated for 15 minutes until a homogeneous solution was 

achieved. Subsequently, 0.8 mL of an aqueous KNO3 solution with varying concentrations 

was added dropwise to the mixture over a period of 15 minutes, while stirring continuously. 

The resulting solution was stirred continuously for 8 hours, followed by filtration to separate 

the catalysts and solution. Finally, white catalyst powder was obtained by drying the catalyst 

in air at 100 °C. The resulting samples were labeled as U-AK-1 A, depending on the among 

of potassium nitrate added. The sample without any added potassium nitrate was denoted as 

U, representing the pure UiO-66 sample. K-ZrO2 was synthesized from U-AK-1 using a two-

step heat treatment process. First, it was calcined at various temperatures in nitrogen for 3 

hours, followed by a heat treatment at 400 °C in air for 6 hours. The resulting K-ZrO2 samples 

were denoted as K-ZrO2-x-y, where x, y represents the mg contents of K and the calcination 

temperature under N2, respectively.  
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This study employed catalysts with varying amounts of potassium nitrate added (0 mg, 60 

mg, 120 mg, and 180 mg. Subsequently, these catalysts were subjected to calcination in a 

nitrogen atmosphere at temperatures of 550°C, 650°C, and 750°C for a duration of 3 hours. 

Fig. 2 Preparation of K-ZrO2 catalyst 

2.3. Catalyst Characterization 

The crystallographic structure and arrangement of atoms in a crystalline substance of Uio-

66 and K-ZrO2 were determined by X-ray diffraction XRD. 

The decomposition Uio-66 after loading Potassium from KNO3 was measured by changes 

in sample’s weight as a function of temperature at 0 to 800 degree Celsius under Nitrogen 

atmosphere.  

The morphology and elemental composition of Uio-66 and K-ZrO2 were investigated 

using a Scanning Electron Microscope and energy dispersive x-ray spectroscopy (SEM-

EDX). 

3. Result and discussion

3.1. X-ray diffraction (XRD, Rigaku-Ultima IV) 

Fig. 3 shows the X-ray diffraction patterns from the UiO-66 sample, revealing 

characteristic peaks at approximately 7.3, 8.5, 17.2, 22.4, 25.8, and 30.7 degrees. However, it 

is observed that the X-ray diffraction patterns of the UiO-66 sample obtained from the 

experiment (Fig. 3) exhibit noise. This heightened noise may be attributed to the presence of 

residual DMF or reactant residues within the UiO-66 catalyst. 
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Fig. 3 X-ray diffraction patterns of UiO-66 from experiment 

3.2. Thermogravimetric Analysis (TGA) 

Fig. 4, shows that the decomposition of carbon residue begins at a temperature of 400°C, 

compared with different amount of KNO3 loaded from UiO-66 which decomposed into 

carbon hybrid zirconia 500 and 600 °C. As base-stable materials, UiO-66 which loaded KNO3

carbon layer can protect frameworks from collapse compared with pure UiO-66. 

Fig. 4 TGA profiles of UiO-66 loaded with different amounts of KNO3
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3.3. Scanning Electron Microscope (SEM) 

The SEM technique cannot be used to explain the differing concentration loading of 

Potassium on UiO-66 catalysts and pure UiO-66. Fig. 5A illustrates that pure UiO-66 

catalysts adhere to a pellet model. In Fig. 5B, the introduction of K into the catalyst 

demonstrates uniform dispersion of the accelerator. Meanwhile, in Fig. 5C, KZrO2-60-550, at 

the maximum loading of pottasium; 120 mg, results in metal accumulation in the catalyst and 

agglomeration. 

Fig. 5 SEM of (A) UiO-66; SEM of (B) KZrO2-60-550; SEM of (C) KZrO2-120-550 

3.4. Energy Dispersive X-ray Spectroscopy (EDX) 

Fig 6 shows that the EDX method is useful for distinguishing between the surface 

composition of potassium-filled UiO-66 and UiO-66 catalysts. Inconsistencies were found in 

Table 1 regarding EDX defragmentation for different doses of KNO3-loaded UiO-66 catalysts 

(60, 120, 180 mg percent of potassium). This discrepancy may be due to insufficient 

distribution of KNO3 within the pores during the synthesis process. In addition, the EDX 

analysis reveals the decomposition of carbon compounds after firing UiO-66, which can lead 

to observed anomalies. Moreover, Table 1 shows that the percentage of carbon elements  and 

chlorine dropped to near zero after calcining UiO-66 to KZrO2 

Table 1. Classification of Catalysts and Elemental Composition by Weight from EDX 

Type of catalyst %Weight(Zr) %Weight(O) %Weight(K) %Weight(C) %Weight(Cl) 

UIO-66 26.93 28.60 - 43.67 0.79 

K-ZrO2-60-550 63.61 29.93 6.45 - - 

K-ZrO2-120-550 65.26 31.60 3.14 - - 

K-ZrO2-180-550 45.29 37.85 16.18 - - 
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Fig. 6 EDX mapping (A) of UiO-66; EDX mapping (B) of KZrO2-60-550; 

 EDX mapping (C) of KZrO2-120-550; EDX mapping (D) of KZrO2-180-550 

4. Conclusion

In this work, we successfully to synthesis KZrO2, which necessitated the synthesis of 

UiO-66 to utilize X-ray diffraction (XRD) for verifying the correctness of the UiO-66 

catalyst. Subsequently, Thermogravimetric Analysis (TGA) is employed to discern the 

characteristics of UiO-66 while loading KNO3 to determine its variance from pure UiO-66 

and confirm the effect of high calcined. EDX and SEM methods were utilized to 

investigate the catalyst's surface. However, the SEM method cannot be employed to 

explain the different concentrations of K loading on UiO-66 catalysts compared to pure 

UiO-66. Table 1 reveals the percentage weight loss, predominantly attributed to carbon 

components in TGA. Additionally, Table 1 format displays the weight percentages of 

potassium loaded onto KZrO2 in varying degrees of success, illustrating differences 

between KNO3 on UiO-66. 
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Abstract 

Azelaic acid (AA) and pelargonic acid (PA) are medium-chain fatty acids that are used 

as building blocks in organic synthesis in various industries. Simultaneous production of AA 

and PA from oleic acid (OA), which is abundantly available in nature, is possible via oxidative

cleavage at the carbon-carbon double bond. However, it is still a great challenge to achieve high 

conversion and yields of AA and PA from this reaction. In this work, oxidative cleavage of 

oleic acid by hydrogen peroxide was investigated at a temperature higher than that previously 

reported, in the range of 80-160°C, under autogenous pressure. Tungsten (VI) oxide was used 

as a catalyst. Tertiary butanol was used as a co-solvent. The results showed that a complete 

conversion of oleic acid could be achieved. The analysis by gas chromatography with tandem 

mass spectroscopy (GC-MS) revealed various products, including various medium-chain fatty 

acids and 9, 10-dihydroxystearic acid. The yields of both AA and PA were increased as the 

temperature was increased.  

Keywords: Oxidative cleavage; Oleic acid; Medium-chain fatty acids; Tungsten (VI) oxide 

1. Introduction

Nowadays, the oleochemical industry is continuously growing. Leveraging abundant

resources found in nature, both from plants and animals, oleochemicals are utilized to produce 

high-value products. One notable example is long-chain unsaturated fatty acids such as oleic 

acid, linolenic acid, and ricinoleic acid. In particular, oleic acid can be used to produce AA and 

PA through oxidative cleavage reactions, as shown in Figure 1. Such products serve as crucial 

starting materials in chemical synthesis, which are commonly employed in polymer 

manufacturing industries (polyamides, polyesters, and polyurethanes), as well as in plasticizers, 

adhesives, and lubricants. Furthermore, AA is an important ingredient in the pharmaceutical 

and cosmetic industries to promote healthier skin [1-3].  

The oxidative cleavage reaction of unsaturated fatty acids is a reaction that breaks the 

carbon-carbon double bonds and forms carbon-oxygen double bonds [4]. The oxidative 

cleavage reaction can be caused by oxidative agents [5]. Hydrogen peroxide (H2O2) is an 

interesting oxidative agent because it is environmentally friendly in that it naturally decomposes 

into water and oxygen [6, 7]. The hydrogen peroxide can be converted to hydroxyl radicals 

(OH•), which have a high oxidation potential [8]. This mechanism can be facilitated by utilizing 

various means such as light, UV light, lasers, and heat, which increase the rate of generation of 

hydroxyl radicals [9, 10]. When hydrogen peroxide is used as the oxidizing agent, tungsten 

oxide (WO3) is used as a catalyst in the oxidative cleavage reaction because of its low toxicity, 

high stability, and high product yield in the bond cleavage process. 
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In this work, we investigate how temperature affects the hydrothermal conditions-induced 

oxidative bond cleavage ability. To improve the yield and conversion of the intended product, 

we also employ hydrogen peroxide as an oxidizing agent and tungsten oxide as a catalyst. By 

adopting a straightforward procedure and catalyst, we hope that this study will provide 

guidelines and basic knowledge for the production of AA and PA from industrially obtained 

oleic acid using a simple process and catalyst. 

Fig.1 Oxidative cleavage of oleic acid 

2. Materials and Methods

2.1 Material 

Oleic acid (C18H34O2, 87% industrial grade), hydrogen peroxide (H2O2,30% AR Grade, 

ANaPure), tert-butanol ((CH3)3COH, AR Grade, Loba Chemie), and the commercial catalyst 

tungsten (VI) oxide (WO3, Loba Chemie). The material for esterification was n-hexane (C6H14, 

AR Grade, QReC), along with hydrochloric acid (HCl, 37% AR Grade, QReC), methanol 

(CH3OH, AR Grade, QReC), and deionized water. 

2.2 Methods 

2.2.1 Oxidation reaction of oleic acid under autogenous pressure 

A reaction was conducted in a thermal vessel with a total solution volume of 30 ml, 

composed of 0.253 mM oleic acid, 8.666 mM hydrogen peroxide (H2O2), 6.417 mM tertiary 

butanol, and 1.0% (w/v) tungsten (VI) oxide. The thermal vessel was then placed in an oven 

with temperatures varying between 80°C and 160°C for a reaction duration of 6 hours under 

autogenous pressure. Once the reaction was completed, the tungsten (VI) oxide catalyst was 

separated by centrifugation at 3,000 rpm for 5 minutes. The liquid samples were subsequently 

analyzed using GC-MS. 

O

9

HO

+ 

O

HOHO OH

O O

Oleic acid (C18H34O2) 

(OA) 

Azelaic acid (C9H16O4) 

(AA) 
Pelargonic acid (C9H18O2) 

(PA) 

242



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

2.2.2 Sample preparation before analysis with esterification reaction 

The sample preparation method followed Ishihara's method [11]. First, 0.4 mL of the 

sample, 3 mL of methanol, and 0.6 mL of hydrochloric acid (9% w/w in methanol) were added 

to the analysis flask. The mixture was then heated in a bath at a constant temperature of 80 ºC 

for 2 hours. Afterward, the solution was allowed to cool to room temperature. Following this, 

2 mL of hexane and 2 mL of deionized water were added. It was observed that the solution 

separated into two phases: the organic phase and the water phase. The upper phase, which is 

the organic phase, was selected for GC-MS analysis. 

2.2.3Analytical methods 

The oxidation cleavage products were a mixture of AA and PA then analyzed by gas 

chromatography-mass spectrometry (GC-MS) using The Agilent 7000C GC/MS Triple Quad 

GC-MS unit has an HP-5ms column (30 m × 0.25 mm, 0.25μm thick) injector volume 0.5 μL. 

The initial column temperature was 80 ºC and held for 2 min increased to 280 ºC at a rate of 20 

°C/min and held for 6 min. The flow rate of the He Carrier was 1.0 mL/min average velocity of 

36.966 cm/s. The sample was injected at a split ratio of 50/1 

3. Results and Discussion.

The experimental results show oxidative cleavage of oleic acid at reaction temperatures 

ranging from 80 to 160 °C, where the conversion value of oleic acid is shown in Table 1. The 

maximum conversion value was obtained from the reaction at a high temperature of 130 °C, 

which was followed by 80, 160, 150, and 140 °C, in that order. However, high conversion 

values do not necessarily indicate that oleic acid will become the main product; all by-products 

also occur, as shown in Figure 2. 

Table 1. shows the conversion of oleic acid at temperatures of 80, 130, 140, 150, and 160 °C, 

using a molar ratio of H2O2 to oleic acid of 8:1 and a reaction time of 6 hours under autogenous 

pressure. 

Entry Reaction temperature (ºC) Conversion of oleic acid (mol%) 

1 80 95.21 

2 130 97.36 

3 140 86.77 

4 150 94.17 

5 160 95.07 
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Fig.2 Chromatogram of GC-MS comparing standard oleic acid and the oxidative cleavage 

reaction of oleic acid at temperatures 80, 130, 140, 150, and 160 °C, reaction time 6 hours 

under autogenous pressure. 

Chromatograms of reactions at various temperatures between 80 and 160 °C are 

displayed in Figure 2. The reactions are compared from reactant to reaction. As may be 

observed, C16:0 and C18:0 are also present in the reactants. It was discovered that very little 

AA and PA were produced as results of the reaction when it was conducted at a temperature of 

80 °C, and other by-products were created. However, it can be seen that at a higher temperature 

of 80 °C, it clearly forms AA and PA and also by-products, i.e., caprylic acid (C8 acid), lauric 

acid (C12:0), myristic acid (C14:0), and 9, 10-dihydroxystearic acid (9,10-DSA) . Observing a 

tendency for stearic acid (C18:0) and palmitic acid (C16:0) to decrease at high temperatures, to 

determine whether it is possible to produce both products (AA and PA), we performed an 

experiment by replacing oleic acid with C16:0 and C18:0 using an experimental temperature of 

80 °C and 130 °C at a reaction time of 6 hours. It seems that there is no AA or PA. 

When temperatures rise, one important by-product of methyl esters fatty acid oxidation 

is C8 acid, which can be synthesized from the 9-hydroxyperoxide of oleic and linolenic acids 

[12]. Moreover, it can be observed that the presence of 9,10-dihydroxystearic acid is reduced 

when the reaction is carried out at a higher temperature. According to Figure 3, the presence of 

9,10-DSA was pronounced at 80°C and gradually decreased with increasing temperature. In 

particular, at 140°C, the content of 9,10-DSA decreased significantly. German and Colombo 

implied that AA PP, C8 diacid, and C8 acid can be generated through the oxidative cleavage 

process of 9,10-dihydroxystearic acid [13, 14]. This suggests that the reaction at 140°C has the 

potential for 9,10-DSA to convert to AA and PA, resulting in a higher yield compared to other 

temperatures. This consistency is depicted in Figures 3 and 4. 
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Fig. 3 9, 10-dihydroxystearic acid is formed from reactions at temperatures of 80, 130, 140, 

150, and 160 °C; reaction time: 6 hours under autogenous pressure. 

Fig. 4 Pelargonic acid and azelaic acid yield at temperatures of 80, 130, 140, 150, and 

160 °C; reaction time: 6 hours under autogenous pressure. 

In the experimental results, temperature significantly affects the yields of both PA and 

AA. The PA yield at 80 °C was observed to be 5.01%, steadily increasing to a maximum of 

74.29% at 140 °C. This suggests that increasing temperatures promote PA production. 

However, when the temperature exceeds 140 °C, the PA yield sharply drops to 41.77% at 150°C 

and further decreases to 39.81% at 160 °C. These results are depicted in Figure 4. The decrease 

in PA yield indicates that excessively high temperatures may generate other by-products, 

leading to a reduction in overall yield. In contrast, AA yields follow a different trend. They 

increase steadily from 4.25% at 80°C to a peak of 62.22% at 130°C. However, when the 

temperature surpasses 130°C, the yield rapidly declines to 54.06% at 140°C, continuing to 
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decrease to 37.69% at 150°C before slightly rising to 42.56% at 160°C. This suggests that while 

moderate temperatures enhance AA production, excessive heat may impede AA formation, 

possibly due to side reactions or decomposition. 

4. Conclusions

The study highlights temperature-dependent yields of AA and PA, with increased 

temperature enhancing PA production but excessive heat reducing yields due to by-product 

formation. In contrast, AA production benefits from moderate temperatures but is hindered by 

excessive heat, likely due to side reactions or decomposition. These observations underscore 

the pivotal role of temperature control in modulating the yield of desired products and 

mitigating the formation of unwanted by-products during the oxidative cleavage of oleic acid.

Optimal PA yield occurs at 140°C, while moderate temperatures around 130°C enhance AA 

production. Precise temperature control is essential for optimizing desired product yields. 
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Abstract 

Steam consumption is a primary utility in industrial operations, serving as a crucial heat source 

that necessitates an accurate monitoring system. However, one of challenges in implementing 

effective steam monitoring arises from the missing information. In a practical industrial setting, 

only the measurement of total steam usage is accessible, while specific information regarding 

the steam utilization of each individual equipment unit is frequently unavailable. To address 

this challenge, this study proposes a novel approach for predicting steam consumption across 

multiple equipment units using simulation‑assisted transfer learning allocator. The proposed 

method leverages simulation data to train two output streams, gaining pre-trained knowledge 

and operational constraints. The knowledge is then employed in transfer learning phase, 

utilizing partial layer freezing technique, to obtain the third output stream. Simultaneously, the 

target domain is supervised by total steam consumption to adjust the learnable parameters 

towards the true function. By combining these strategies, the study aims to enhance adaptation 

and improve the accuracy of estimating steam consumption among different equipment units 

within industrial processes, even missing information of individual steams. Furthermore, the 

proposed model verifies the practicability and reliability through a case study of a large-scale 

crude glycerol purification process. 

Keywords:  Missing information; Limited data; Simulation‑assisted allocator; Transfer 

learning; Steam consumption prediction 

1. Introduction

Energy serving as an input factor within industrial production processes now significantly

influences operational efficiency and cost effectiveness (Shi et al., 2024). Particularly, steam 

consumption stands out as a fundamental component in the realm of industrial processes, 

commonly used as a vital heat source essential for various operations. Nevertheless, a notable 

challenge in establishing effective steam monitoring systems arises due to the restricted 

availability of data. Within a practical industrial setting, only the quantification of overall steam 

consumption is available, without detailed data on the steam utilization of each equipment unit. 

In order to tackle this challenge, it is vital to accurately forecast the amount of steam that will 

be used, especially when determining the specific allocation of total steam usage for each 

individual piece of equipment. 

Process simulation is the virtual replication of real-world processes or systems, commonly 

within computational domains. In the industrial sector, process simulation enables users to 

observe the consequences of varying conditions and strategies, thereby providing valuable 

insights for analysis and enhancement. Numerous engineering research studies commonly 

utilize modeling and simulation techniques as valuable tools to study several industrial 

equipment and processes. For instance, a simulation technique has been utilized to simulate a 
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cryogenic distillation process of atmospheric air under conditions of both steady-state and 

dynamic operation (Yerolla et al., 2022). Consequently, numerous process variables, including 

product purity, product recovery, and various behaviors, are obtained through various 

modifications in the process. In addition, a process simulation of syngas production from 

regasified liquefied natural gas was developed to obtain process monitoring and performance 

enhancement (Sunny et al., 2016). In response to the limited data and missing information, a 

process simulation thereby emerges as a promising solution to handle information deficiencies. 

Therefore, this affords valuable insights into steam utilization across individual equipment 

units. As research attention shifts towards artificial intelligence, numerous studies of an 

artificial neural network (ANN) model have been employed to predict energy consumption, 

thereby promoting efficient and ecologically sustainable improvement within the industrial 

sector (Zhang et al., 2022). Some researchers have utilized the integration of simulation and 

ANN models to predict building energy consumption (Sharif & Hammad, 2019). Additionally, 

the ANN model has been applied to determine the complex relationship between energy 

consumption and its influencing factors, highlighting the network capability in precisely 

forecasting energy consumption (Olanrewaju et al., 2012). Some researchers adopted a transfer 

learning technique, which remarkably improves the predictive performance due to its capacity 

to mitigate uncertainties and handles the challenge of limited sample size (Du et al., 2023). 

Therefore, simulation techniques and ANN models have played a crucial role in gaining insights 

into and predicting energy consumption trends. However, it is recognized that relying solely on 

the simulation domain may introduce limitations in achieving precise prediction, particularly 

in the practical industrial domain.  

Therefore, this study proposes a modeling framework for simulation-assisted transfer 

learning for steam consumption allocation. The proposed technique uses data obtained from 

simulation to train two output streams. By pre-training these outputs, the model gains 

knowledge of the operational constraints of the industrial process. Upon completing the pre-

training phase, transfer learning with partial layer freezing is applied to maintain the knowledge 

gained from simulation domains. The model then progresses to the final phase of training by 

fine-tuning the network to create the third output stream based on the total steam consumption 

obtained from a real industrial process. These strategies aim to enhance adaptation and improve 

the accuracy of estimating steam consumption among different equipment units within 

industrial processes, even when information is missing. In addition, the proposed model verifies 

its practicability and reliability through a case study of a large-scale crude glycerol purification 

process. The following are the main contributions of this study: 

1. The simulation model of crude glycerol purification process is a virtual replication of

an industrial process. The simulation model provides synthetic datasets to handle

missing information which is steam utilization by each individual equipment unit.

2. Steam consumption prediction is performed by utilizing an integration of ANN model

and simulation-assisted transfer learning techniques.

3. Simulation‑Assisted Transfer Learning Allocator (SATLA) is developed by the above-

mentioned model to estimate steam consumption among different equipment units.
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2. Methodology

2.1 Description of Crude Glycerol Purification Process 

The process involves a series of techniques to achieve high-purity glycerol suitable for 

industrial applications. Distillation stands out as a practical method, primarily used to eliminate 

water and methanol based on their boiling points. Before distillation, acidification induces a 

phase separation mechanism, eliminating matter organic non-glycerol (MONG) and producing 

inorganic salts. Next, the acidified crude glycerol undergoes subsequent neutralization with an 

NaOH solution to recover glycerol from free triglycerides. Finally, vacuum distillation 

effectively removes impurities while minimizing thermal degradation. The block diagram of 

crude glycerol purification process is shown in Fig. 1. 

Fig. 1 Block diagram of crude glycerol purification process. 

2.2 Process Simulation 

The simulation model for the crude glycerol purification process is constructed using the 

UniSim Design Suite simulation software, depicted in Fig. 2. In this process, a steam totalizer 

is responsible for distributing steam to three distinct equipment units, which are E03, E04, and 

vacuum system (VAC). Notably, the steam totalizer is designed to provide measurable usage 

data, whereas the three equipment units (E03, E04, and VAC) are considered non-measurable 

in terms of their steam usage. In this study, the simulation model is crucially employed to 

acquire simulated data, addressing the challenge posed by non-measurable steam usage. 

Moreover, the study employs 20 keys process variables, as shown in Table 1, to develop both 

the simulation model and deep learning approaches. 

Table 1. Key process variables for simulation model and deep learning in crude glycerol 

purification. 

No. Description No Description 
1 Crude glycerol feed rate 11 Inlet temperature of condensation cooler 

2 Inlet temperature of dryer 12 Mass flowrate from P08 to E07 

3 Inlet temperature of reflux condenser 13 Temperature of condensation receiver 

4 Mass flowrate from P03 to E04 14 Mass flowrate from P07 to C01 

5 Temperature at E08 to bleaching unit 15 Top pressure of deodorizer 

6 Pressure of MS* at glycerol reboiler 16 Top pressure of scrubber 

7 Bottom temperature of distillation column 17 Outlet temperature of scrubber cooler 

8 Bottom pressure of distillation column 18 Pressure of MS* at totalizer 

9 Top pressure of distillation column 19 Temperature of MS* at totalizer 

10 Top temperature of distillation column 20 Mass flowrate of MS* at totalizer 

MS* denotes medium-pressure steam. 
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Fig. 2 Process flow diagram of crude glycerol purification process. 

2.3 Modeling Framework for SATLA 

Fig. 3 depicts the framework for developing the SATLA model. The simulation model for 

the crude glycerol purification process was developed based on real-world process data, 

sampled at four-hour intervals. However, detailed process information about the vacuum 

systems is not available in this study due to practical limitations in the industrial setting. Thus, 

the simulation model is constrained, providing steam usage data specifically for E03 and E04. 
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The subsequent step involves employing a deep learning approach. The process data and 

simulated data of E03 and E04 are utilized to develop two distinct models for each, leveraging 

ANN. In this approach, the Bayesian optimization method is applied to acquire the optimal 

hyperparameters. After obtaining pre-trained knowledge from models E03 and E04, the transfer 

learning approach is implemented. Subsequently, new process data, sampled at one-minute 

intervals, is acquired for the implementation of the SATLA technique. The layers from models 

E03 and E04 undergo a partial layer freezing technique. Learnable layers are then introduced 

to represent steam usage for VAC. An addition layer in MATLAB is employed, thereby 

constraining the model by total steam consumption. This allows the model to adapt using insight 

gained from E03 and E04 models, with a specific focus on capturing steam usage patterns 

within VAC. The model performance is evaluated by using RMSE, MAPE, and R2. 

Fig. 3 Modeling framework of SATLA. 

3. Results and Discussion

3.1 Model Performance in Predicting Steam Consumption for E03 and E04 

The initial phase of this study focuses on the exploration of deep learning models, 

particularly ANN, to predict steam consumption in the crude glycerol purification process. This 

involves employing simulation data to develop prediction models. The models receive input 

from various variables, including process temperature, pressure, and mass flowrate, as illustrate 

in Table 1. The output layer of each model thus utilizes the acquired knowledge and patterns to 
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generate a prediction for steam usage of each equipment unit. The models are trained and 

validated, and their hyperparameters are optimized by the Bayesian optimization method (Liu 

et al., 2019). The optimized values for these hyperparameters are detailed in Table 2. For model 

E03, the optimal number of layers is two, while for model E04, it is three layers. This difference 

can be attributed to the complexity of E04, the glycerol reboiler, in comparison to E03, the 

dryer heater. Subsequently, the models’ performance is e aluated. The results for models E03 

and E04, are presented in Table 3. In the evaluation of model E03, an MAPE of 1.4% is coupled 

with a notably high R2 at 0.9939. Also, model E04 performs well with a smaller MAPE of 1.2%, 

while maintaining a commendable R2 of 0.9710. 

3.2 Performance Evaluation of the SATLA Technique 

To develop a prediction model for the steam totalizer, the SATLA technique leverages the 

knowledge acquired from models E03 and E04 through transfer learning, involving the 

introduction of a new process dataset. A key aspect of this technique is the integration of 

learnable layers designed to represent the non-measurable VAC. Simultaneously, the pre-

trained networks of models E03 and E04 undergo a freezing process. Additionally, the Bayesian 

optimization method is applied to determine the optimal hyperparameters for the VAC 

learnable layers, with the results presented in Table 4. The performance of the steam totalizer 

prediction model is evaluated. Table 3 provides the model’s accuracy including MAPE, RMSE, 

and R2. Furthermore, line plots and scatter plots depicting the predicted value against the actual 

value are shown in Fig. 4. The result indicates that the SATLA technique is highly effective in 

developing accurate prediction models, particularly in scenarios with limited data availability. 

The close alignment between predicted and actual values, along with a minimal MAPE of 

1.47% and a substantial R2 of 0.9424, proves the accuracy and reliability of the model. 

3.3 SATLA Results 

After developing the steam totalizer model, three distinct network architectures are 

constructed. Each architecture specializes in capturing specific aspects of steam usage at 

individual equipment units. Therefore, a steam allocator named SATLA is developed by 

freezing each network architecture and then concatenating them to form a comprehensive 

model. The results are depicted in Fig. 5. 

Table 2. Optimal hyperparameters for models E03 and E04. 

Model Hyperparameter Searching domain Optimal value 
E03 Initial Learn Rate [0.00001, 1] 0.2583 

Numbers of Layers [1, 3] 2 

Numbers of Neurons in  Layer 1 [1, 100] 100 

Numbers of Neurons in  Layer 2 [1, 100] 39 

E04 Initial Learn Rate [0.00001, 1] 0.0658 

Numbers of Layers [1, 3] 3 

Numbers of Neurons in  Layer 1 [1, 200] 28 

Numbers of Neurons in  Layer 2 [1, 200] 196 

Numbers of Neurons in  Layer 3 [1, 200] 125 
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Table 3. Model performance for steam consumption prediction. 

Model MAPE RMSE R2 

E03* Validation 1.0443 3.7345 0.9969 

Testing 1.4255 4.9485 0.9939 

E04* Validation 0.8047 100.7932 0.9404 

Testing 1.2192 67.8450 0.9710 

Totalizer† Validation 1.5575 73.4067 0.9541 

Testing 1.4656 74.1204 0.9424 
* denotes model developed from simulation data.
† denotes model developed using the SATLA technique.

Table 4. Optimal hyperparameters for VAC learnable layers. 

Hyperparameter Searching domain Optimal value 
Initial Learn Rate [0.00001, 1] 0.0071 

Numbers of Layers [1, 3] 3 

Numbers of Neurons in  Layer 1 [1, 200] 101 

Numbers of Neurons in  Layer 2 [1, 200] 200 

Numbers of Neurons in  Layer 3 [1, 200] 179 

Fig. 4 Results of total steam consumption prediction model based on the SATLA technique: 

(a) all testing data, (b) subset with 200 to 400 observations, (c) scatter plot.
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Fig. 5 Result of SATLA. 

4. Conclusion

In this study, the primary aim is to develop a robust methodology for predicting steam

consumption in the crude glycerol purification process, a challenging task complicated by 

missing information. To address this, we propose the SATLA technique that utilizes a 

simulation model as a tool to handle the missing information. Moreover, the integration of deep 

learning, specifically ANN, and a transfer learning technique demonstrates the effectiveness of 

incorporating total steam consumption as a constraint. The proposed technique establishes its 

accuracy and reliability in predicting steam consumption across various equipment units within 

industrial processes, achieving a minimal MAPE value of 1.47% and a high R-square value of 

0.9424. These findings contribute a valuable method to handle the challenge posed by limited 

data and missing information. 
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Abstract 

Membrane technology is highly effective in isolating proteins from other molecules through 

size exclusion or diffusion. However, many protein separation membranes are made from 

relatively hydrophobic polymers like polysulfone, a widely used material in the traditional 

membrane production method known as phase inversion. These membranes are prone to fouling 

caused by various impurities that are exacerbated by their non-uniform pore sizes and inherent 

hydrophobic properties. This research aimed to fabricate a thin film composite nanofibrous 

(TFCN) membrane with highly selective and improved anti-fouling properties by using a 

versatile electrospinning and dip coating method. Polyacrylonitrile-co-methyl acrylate (PAN-

co-MA) electrospun nanofiber support was dip-coated with various concentrations (1.5, 3, and 

5 wt%) of Pebax®. The results showed that the PAN nanofibrous was successfully coated with 

Pebax®. The highest solute rejection of 56.63±4.99% with a permeance flux of 2.21±0.15 L.m-

2.h-1.bar-1 was achieved by the thin film with 5% Pebax®. This membrane exhibited good

potential as an ultrafiltration or nanofiltration membrane for the purification of protein. Further

studies on the hydrophilicity, specific molecular weight cut-off, and anti-fouling properties of

the TFCN are recommended to explore its capacity as a new, lightweight, and highly efficient

membrane.

Keywords: Electrospinning; nanofibrous membrane; protein purification; thin film. 

1. Introduction

The rapid increase in the human population has led to a higher consumption of food derived

from both plants and animals. This consumption results in significant amounts of food waste, 

which includes a considerable quantity of discarded protein [1]. There are several works that 

have been done to deal with food waste problems and transform the food waste into various 

products such as biofertilizer, food stock for animal husbandry, and bioenergy [2]. To mitigate 

food waste and meet protein demand regarding the growing population, it is also essential to 

purify and recover the high protein content found in food waste. Recovering protein not only 

addresses the demand for protein but also indirectly reduces food waste disposed to the 

environment [3,4].  

Protein can be extracted from food waste using various methods, including chemical, 

biochemical, and physical techniques [3]. Membrane technology, a physical method, has shown 

exceptional efficacy in protein recovery due to its lower energy requirements, cost-

effectiveness, and adjustable performance [5]. Membrane technology offers significant benefits 

as a promising method for recovering protein from food waste. However, it faces challenges 
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due to its susceptibility to fouling. Over time, the continuous operation of the membrane system 

can reduce protein yield due to the blockage of pores by smaller protein fractions or the 

formation of a cake layer [6,7]. The propensity for membrane fouling is mainly related to 

specific characteristics, such as low hydrophilicity and a closed pore structure. These are often 

a result of the phase inversion method used in production, which tends to favor hydrophobic 

polymers. Developing membranes with enhanced fouling resistance and selectivity is essential 

for achieving sustained, high-quality protein recovery over long-term operations.   

Electrospinning presents a promising avenue for membrane fabrication due to its simple 

process and the wide range of polymers that can be used. This method allows for the production 

of nanofibrous membranes with customizable characteristics by adjusting processing 

parameters. These membranes typically feature high porosity and interconnected nano-sized 

fibers, facilitating direct molecule transport through the membrane [10]. However, their high 

porosity and large pore size can limit their use as standalone filtration membranes for small 

molecules. To overcome this, modifications such as adding a composite with a thin film layer 

can enhance membrane selectivity [11]. Selecting materials that increase the hydrophilicity of 

both the nanofibrous membrane and the thin film selective layer is crucial for achieving a high 

flux membrane with superior selectivity for protein recovery. 

Polyacrylonitrile (PAN), known for its excellent spinnability, hydrophilicity, and chemical 

resistance, is an attractive material for crafting nanofibrous membranes via electrospinning. 

[12]. Additionally, Poly(ether-block-amide) (Pebax® 1657) films, recognized for their density 

and mechanical strength, can serve as a thin film to augment the selectivity and mechanical 

durability of the membrane [13]. This research aims to explore the combination of nanofibrous 

membranes with a thin film selective layer for protein recovery. The study examines various 

membrane characteristics, including surface morphology, structure, and chemical bonds, using 

SEM, confocal microscopy, and ATR-FTIR. Performance evaluations, including permeance 

flux and filtration assays with PEG as a representative molecule, were conducted to assess 

membrane efficacy. 

2. Materials & Methods

2.1 Materials 

Poly (acrylonitrile-co-methyl acrylate) (PAN-co-MA) with a molecular weight of 150,000 

g/mol (methyl acrylate 8.5%) was purchased from Haihang Industry, China. Poly(ether-block-

amide) (Pebax® 1657) was purchased from Arkema. N,N-Dimethylformamide (DMF) was 

obtained from Carlo Erba Reagents, France. Polyethylene glycol (PEG) with molecular weights 

of 35,000 Da was supplied by Sigma-Aldrich. Hydrochloric acid (HCL, 36-38% AR) was 

obtained from SDFCL, India. Ethyl alcohol (absolute) was obtained from Duksan Pure 

Chemicals, Korea. Iodine was purchased from Kanto Chemical Co. Inc., Japan. Potassium 

iodide and Barium chloride were supplied from Guangdong Chemical, China. 

2.2 Membrane Fabrication 

The preparation of a thin-film composite nanofibrous membrane (TFCN) involves two 

steps, the fabrication of a nanofibrous support layer and the formation of thin film. The details 

of each step are as follows. 
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2.2.1 Fabrication of Nanofibrous Support 

The nanofibrous support layer was fabricated using an electrospinning process as depicted 

in Fig. 1. 

Fig. 1 Schematic illustration of the electrospinning process of the nanofibrous support 

layer 

Firstly, PAN-co-MA was dissolved in DMF with a total solution concentration of 8 wt% 

overnight at 50 °C to get a well-dissolved polymer solution for electrospinning. The 

electrospinning parameters were set at 23 kV for applied voltage on the needle tip with the 

needle size of 0.55 mm. The polymer solution was ejected through the needle with a flow rate 

of 20 µl/min. On the collector side, the rotating collector drum was rotated at a speed of 20 rpm 

with a fixed distance between the collector and the needle tip of 20 cm. The electrospinning 

process was running out for 6 h to get sufficient thickness of the nanofibrous support. The 

fabricated support was heat-pressed for 3 min at 100 °C. 

2.2.2 Thin Film Formation 

Pebax® thin film was deposited on the prepared support via a dip coating technique. Firstly, 

the coating solution was prepared by dissolving Pebax® in ethanol/water (7:3) with a total 

concentration of 1.5, 3, and 5% under a stirring condition for 24 h at 80 °C that coded as P1.5, 

P3, and P5 respectively. After that, the prepared nanofibrous support layer was dip-coated in 

each concentration of Pebax® and dried at 65 °C for 6 h in the oven. 

2.3 Material Characterization 

The morphology and structure of the fabricated support and TFCN membranes were 

observed using scanning electron microscopy (SEM, Hitachi S-3400N) and confocal 

microscopy (LEXT 3D Measuring Laser Microscope OLS5000). Attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR, Bruker Alpha II) was employed to 

examine the chemical structure of the membranes.  

2.4 Membrane Performance Test 

The performance of the fabricated membrane in terms of water permeance and solute 

rejection was carried out by dead-end filtration equipment with a membrane-effective area of 

6.25 cm2 as illustrated in Fig. 2. 
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Fig. 2 Illustration of a dead-end module to measure membrane performance. 

The TFCN membrane sample with a diameter of 2.5 cm was placed inside the dead-end module. 

PEG with a molecular weight of 35,000 Da was used as representative molecules for the target 

protein. The filtration of 500 ppm of PEG aqueous solution was carried out at a controlled 

pressure of 1 bar. The permeate volume and filtration time were recorded. The permeance flux 

and permeance were calculated using Eq. (1) 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 𝐹𝑙𝑢𝑥 =
𝑉

𝑇×𝐴×𝑃
(1) 

Where V is the volume (L), T is time (h), A is the total area of the sample (m2), and P is the 

pressure applied in the setup (bar). 

Solute rejection is also determined using the following expression; 

𝑆𝑜𝑙𝑢𝑡𝑒 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = (1 −
𝐶𝑝

𝐶𝑓
) × 100 (2) 

Where Cp is the concentration of permeate (ppm) and Cf is the concentration of feed (ppm). The 

concentration of PEG in feed and permeate was measured using UV-vis spectrophotometry at 

a wavelength of 535 nm. 

3. Results and Discussion

3.1. Material Characteristics 

The PAN nanofibrous support membrane and TFCN membrane were successfully 

fabricated as can be observed in Fig. 3. The nanofibrous structure of the pristine PAN support 

membrane is highly porous, with an average fiber diameter of 138±9 nm. The SEM images 

reveal varying morphologies for TFCN coated with different concentrations of Pebax®. 

Specifically, the membrane coated with 5% Pebax® exhibited a uniform and even film. In 

contrast, nanofiber structure remains visible when coated at lower concentration of Pebax®. 
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Fig. 3 SEM images of (A) PAN nanofibrous support and the TFCN membrane coated 

with (B) 1.5 wt.%, (G) 3.0 wt.%, and (D) 5.0 wt.% Pebax®. 

The different morphology of the thin film that was deposited on top of the PAN nanofibrous 

layer was correlated with the concentration of the Pebax® aqueous solution. Dense thin film 

form in 5% Pebax® is closely affected by the high viscosity of the solution leading to a slow 

evaporation rate of the solvent.  In contrast, the low viscosity of the Pebax® solution due to low 

concentration provides high solvent evaporation that favors thin film with less support coverage 

and defect formation [17,18].  

Confocal images for all membrane samples depict that the surface roughness of the 

membranes was more than 1 µm and the roughness tends to increase with the concentration of 

the coating solution Additionally, confocal images of TFCN membranes highlight an uneven 

distribution of the Pebax® thin film atop the nanofibrous support layer, as illustrated in Fig. 4. 

This irregularity may result from the Pebax® solution infiltrating the surface during the coating 

process [18].  

Fig 4. 3D surface confocal images of (A) PAN nanofibrous support and the TFCN 

membrane coated with (B) 1.5 wt.%, (G) 3.0 wt.%, and (D) 5.0 wt.% Pebax®, namely P1.5, 

P3 and P5, respectively. 
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FTIR analysis was conducted to pinpoint specific functional groups within the samples, as 

illustrated in Fig. 5. The FTIR spectrum of PAN nanofibrous support membrane shows the peak 

at 2237 cm-1 and 1736 cm-1 that indicate the peak for bond of C≡N and C=O respectively which 

are typical peaks of PAN-co-MA copolymer [14]. In contrast, the FTIR spectra of the TFCN 

membrane samples displayed distinct patterns compared to the PAN support. Notably, the 

TFCN samples exhibited peaks at 3297 cm-1, 2857 cm-1 - 2937 cm-1, 1636 cm-1, 1143 cm-1, and 

1096 cm-1. These peaks represent the N-H, C-H, C=O, C-O, and C-N bonds, respectively, 

indicating the presence of Pebax®, which comprises polyamide and polyethylene oxide. 

Fig. 5 FTIR spectrum of pristine PAN and TFCN membrane 

3.2. Membrane Performance 

Membrane performance in terms of water permeance flux and solute rejection against PEG 

with a molecular weight of 35000 Da was carried out using dead-end equipment. The permeate 

flux through the membranes markedly decreased following the application of the coating, and 

this decrease was more pronounced at higher concentrations of the coating solution, as shown 

in Fig. 6. Conversely, the ability of the membranes to reject solutes significantly improved as 

the concentration of the coating solution increased. 

Fig. 6 Permeance flux and solute rejection of TFCN membrane 
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The permeability of the membrane is directly related to the density and thickness of its thin 

film. A denser and thicker film impedes fluid transport through the membrane, whereas a 

thinner film facilitates higher permeate flux [19]. The differences in rejection were also affected 

by the structure of the thin film [19]. Investigating the membrane's hydrophilicity, molecular 

weight cutoff, and antifouling properties is intriguing. Further modifications are recommended 

to further enhance the membrane characteristics and performance that meet the requirement in 

protein recovery application. 

4. Conclusion

A thin film nanocomposite membrane that consists of PAN nanofibrous support layer and

Pebax® active separation layer was successfully fabricated using the electrospinning and dip 

coating method. Varying concentrations of Pebax® in the coating solution lead to distinct thin 

film structures, significantly influencing the TFCN membrane's performance. An increase in 

Pebax® concentration results in thicker and denser thin films. The thin film containing 5% 

Pebax® reached a peak solute rejection rate of around 57% and a permeance flux of 2.21 Lm-

2h-1bar-1, showcasing its efficacy as a promising ultrafiltration or nanofiltration membrane for 

protein purification.  
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Abstract 

Oleic acid, a prominent fatty acid, serves as a vital precursor in various industrial 

processes. This study explores its conversion potential into valuable compounds, such as 

propionic acid, butyric acid, caproic acid, pelargonic acid, and azelaic acid. Traditionally, these 

acids were synthesized from oleic acid using ozone-based ozonolysis, a method fraught with 

safety hazards and high energy demands. In contrast, this research investigates an alternative 

approach employing hydrogen peroxide as an oxidizing agent, coupled with UV radiation and 

a tungsten oxide catalyst. The study delineates the impact of UV radiation on the oxidative 

cleavage of oleic acid, demonstrating enhanced conversion under UV radiation. Experimental 

results indicate that UV-assisted oxidative cleavage achieves maximum conversion efficiency 

at 80°C, outperforming non-UV conditions. Notably, UV radiation enables efficient conversion 

even at lower temperatures, significantly reducing energy consumption. Gas chromatography-

mass spectrometry analysis (GC-MS) corroborates this analysis, showcasing the effectiveness 

of UV-enhanced catalytic oxidative cleavage in oleic acid transformation. Overall, this study 

highlights the efficacy of UV-C radiation in facilitating the oxidative cleavage of oleic acid, 

offering a promising avenue for environmentally sustainable and energy-efficient industrial 

processes. 

Keywords: Oxidative cleavage; Oleic acid; Tungsten-based catalysts; Radical reaction 

pathway; UV-C. 

1. Introduction

Oleic acid is a long-chain fatty acid classified as a fatty acid characterized by a carboxyl

group (R-COOH). They are unsaturated fatty acids with double bonds between carbon atoms 

at positions 9 and 10 from the methyl end of the chain. It is also referred to as C18:1 or 9-

octadecenoic acid. Oleic acid is present in various natural sources, including olive oil, sunflower 

oil, palm oil, and animal fats. It can serve as a precursor for producing other fatty acids or 

compounds by cleavage chemical bonds. Usually, oleic acid can be used as a raw material in 

the production process. Propionic acid (C3) can be synthesized by breaking chemical bonds and 

forming valuable compounds. It is utilized to produce food preservatives [Campbell et al., 

2009], herbicides, and certain pharmaceuticals [Ihre et al., 1996]. Butyric acid (C4) is a 

precursor in making food and aromatic compounds [Armstrong & Yamazaki, 1986]. Caproic 

acid (C6) is an antibacterial agent [Huang et al., 2011] and an addition in animal feed. The study 

undertaken by [Zentek et al., 2011] also employed it as a biofuel [Yanowitz et al., 2011]. 

Pelargonic acid, also known as C9-acid or Nonanoic acid, serves as an intermediate chemical 
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in the production of lubricants and plasticizer herbicides [Turnwald et al., 1998]. Azelaic acid 

(C9-diacid, Nonane dioic) is a versatile compound that can be used as a precursor for 

synthesizing polymers, lubricants, and cosmetics. Additionally, it is commonly applied as a 

therapy for acne [Enferadi-Kerenkan et al., 2017]. Nevertheless, these acids are uncommon in 

their occurrence and were traditionally synthesized from oleic acid, an unsaturated fatty acid 

that can be obtained from different sources, including fossil feedstocks, using a chemical 

process known as ozonolysis, which involves oxidative cleavage without the use of a catalyst 

[Sun et al., 2007; Zhu et al., 2011]. Ozonolysis is a chemical process that involves the oxidative 

cleavage of unsaturated organic compounds by ozone (O3), which is a high oxidant that can 

break the double bonds in oleic acid and produce smaller molecules, such as aldehydes, ketones, 

or carboxylic acids. However, ozonolysis also has some drawbacks, such as the safety risks of 

handling ozone that was used oxidizing agent, toxic to humans in the respiratory system, and 

difficulty in controlling the occurrence of runaway reactions caused affects commercial 

applications. In addition, the ozonolysis process necessitates substantial energy and costly, 

sophisticated equipment, leading to a substantial initial investment. Hydrogen peroxide has 

recently been employed as a potent oxidizing agent that is both ecologically acceptable and 

effective, can react with many organic and inorganic substances, and can control the occurrence 

of runaway reaction well because the action of H2O2 must be broken down into O2 before O2 

enters the Oxidative Cleavage reaction, and this is also another reason why H2O2 is more 

environmentally friendly. However, hydrogen peroxide is not a high oxidant like ozone; it 

requires a catalyst for the catalytic reaction. 

Hydroxyl radicals (OH·) a highly oxidant more of ozone, can attack the double bond in 

oleic acid, resulting in the cleavage of the molecule and the formation of various fatty acids or 

other compounds. The production of hydroxyl radicals is a method that can be used ultraviolet 

(UV) radiation. UV radiation is a form of electromagnetic radiation with a shorter wavelength 

and higher energy than visible light. UV radiation can induce the generation of hydroxyl 

radicals (OH·) by dissociating hydrogen peroxide. Therefore, from the above theory, using UV 

to help create hydroxyl radicals increase Oxidation ability. This work will study the efficacy of 

UV-C radiation in the reaction that took place in a batch reactor within the ambient temperature. 

The oxidant was hydrogen peroxide, with tertiary butanol as the co-solvent. The catalyst 

employed was tungsten (IV) oxide. To examine the effect of ultraviolet (UV) radiation (UV-C) 

on breaking down oleic acid by oxidation and to improve the reaction conditions at low 

temperatures. The product profile was examined using gas chromatography coupled with 

tandem mass spectrometry (GC-MS). 

2. Materials and Methods

The effect of ultraviolet (UV) radiation on the transformation of oleic acid via the 

oxidation cleavage reaction mechanism. Chemicals in this work: The composition of the 

substance is 86%w/w of oleic acid (C18H34O2), and it is classified as a commercial-grade 

product. The catalyst is Tungsten Oxide with a purity of 99.8%w/w (WO3) on a metal basis. It 

is an analytical reagent (AR) grade produced by Alfa Aesar. The substance is hydrogen 
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peroxide (H2O2) with a concentration of 30%w/w to use an oxidant system. It is of analytical 

reagent (AR) grade produced by ANaPURE. Tert-butyl alcohol, also known as (CH3)3COH, is 

a high-quality chemical compound commonly referred to as AR-Grade produced by Loba 

Chemie. It was used as a co-solvent, and the heat transfer media is commercial-grade silicone 

oil. 

Intarasuk et al. [2021] propose a ratio of oleic acid, t-butanol, and hydrogen peroxide at 

a molar ratio of 0.051:1.000:0.413. It can give a conversion of oleic acid a maximum of around 

66% at 80°C with a catalyst loading of 1% w/v, which will be used in this work. In the total 

volume of 100 ml, the resultant mixture was introduced into the three-necked round bottom 

flask in the specified proportion run reaction at 360 minutes, stirred at around 2,000 rpm. Set 

up the experimental equipment in the same configuration depicted in Figure 1. The experiment 

conducted in this study consists of four experiments.  

Experiment 1: Condition the temperature of 80 °C without UV-C radiation as a base 

case. 

Experiment 2: Condition the temperature of 80 °C, accompanied by UV-C radiation to 

identify effect of UV radiation comparing with base case. 

Experiment 3: Condition to a temperature of 60 °C, accompanied by UV-C radiation 

to identify the effect of UV radiation when thermal energy is less than 

the base case which is experiment 1. 

Experiment 4: Condition to UV-C irradiation at 25 °C (ambient temperature) to 

identify the effect of UV radiation without thermal heat integration. 

Fig. 1 Experimental UV- Enhanced Catalytic Oxidative Cleavage. 
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In the experimental procedure, the mixture was heated at a temperature specific to each 

condition, utilizing a silicon oil bath. Hydrogen peroxide was introduced into the mix once the 

temperature reached the desired target. The UV fluorescence used in this work is UV type C 

(UV-C), as the UV-C has the highest energy comparing types A and B. It is to examine whether 

the effect of UV radiation at high energy can improve the reaction conditions. The 15 W, 4 

lamps are activated for condition to UV-C radiation. If the light is without UV-C radiation, it is 

switched off. The mixture was maintained under these conditions for 360 minutes. After the 

time was up, the catalyst was separated from the mixture utilizing the centrifugal apparatus at 

about 2500 rpm for 5 minutes. 

The methodologies analysis for this work involved injecting the material using Agilent 

Technologies Triple Quadrupole GC-MS/MS (Agilent 7000C GC/MS). The gas 

chromatography (GC) column employed was the HP-5ms. It had dimensions of 30 m in length 

and 0.2510-3 m in diameter, with a particle size of 0.2510-6 m. The volume of the injected 

sample was 0.510-6 L. The column was initially heated to a temperature of 80 °C and 

maintained at that temperature for 2 minutes. Subsequently, the temperature was raised to 280 

°C at the Heat rate of 20 °C/min, and the sample was maintained at this temperature. The 

duration is 6 minutes. The Injector is kept at 260 °C, while the Detector is held at 280 °C. The 

flow rate of the Helium (He) carrier gas is 1.010-3 L/min. 

3. Results and Discussion

Figure 2 shows the comparison of %Conversion at 80 °C in different working conditions

under UV-C and without UV-C radiation. The reaction time of the oxidative cleavage of oleic 

acid with WO3 as a catalyst was 360 minutes. The conversion of oleic acid in conditions under 

UV-C radiation and without UV-C were 100% and 94%, respectively. The results showed that 

the conversion of oleic acid using UV-C incorporated was higher than a condition without UV-

C radiation by 6% because the energy of UV-C radiation would increase the decomposition of 

H2O2 into hydroxyl radicals. This was attributed to the enhanced breakdown of H2O2 into 

hydroxyl radicals due to the energy from UV-C radiation. UV-C energy ranges from 4.43 to 

12.4 eV. The energy needed to break the O-H bond in H2O2 to form hydroxyl radicals is around 

5.15 eV, as stated by [Crosley et al., 2017]. This indicates that UV-C can break down H2O2 into 

hydroxyl radicals, as illustrated in Equation 1 by [Cataldo, 2014]. The hydroxyl radical 

possesses strong oxidizing characteristics and a high affinity for gaining electrons to oxidize 

other substances. The standard potentials rank highest at 2.80 V, followed by ozone at 2.07 V 

and hydrogen peroxide at 1.77 V [LibreTexts, 2020]. It makes increasing the oxidative cleavage 

reaction better than producing through only temperature at the same condition and duration of 

work. It makes it possible to increase the oxidative cleavage reaction better than producing 

through only temperature at the same condition and duration of work, which can enhance 

conversion up to 100% at 80 °C compared to without UV-C radiation. 
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Fig. 2 The conversion at 80 °C operating with and without UV-C radiation. 

And a possible reaction scheme for the hydroxyl radicals reaction of unsaturated fatty 

acid. H(hydrogen atoms) abstraction by hydroxyalkyl radicals will result in the formation of 

alkyl (R) radicals. These R radicals could react with hydroxyl radicals or O2 to subsequently 

form stable reaction products with oxygenated functional groups. It is also possible that these 

R radicals (and hydroxyalkyl radicals) participate in chain propagation chemistry by reacting 

with neighboring unsaturated fatty acid molecules (and their reaction products) via radical 

addition to the C=C double bond, thus triggering a radical chain polymerization mechanism 

that rapidly consumes the molecular species showed in Equation 2 [Nah et al., 2013].  

2𝐻2𝑂2 + ℎ𝑣 → [4 ∙ 𝑂𝐻] → 2𝐻2𝑂 + 𝑂2 (1) 

(2) 

Furthermore, by reducing the temperature conditions, it was revealed that UV-C 

affected the conversion of different temperatures in Figures 3 and 4. The decrease in 

temperature also leads to a reduction in the conversion of oleic acid. The conversion of oleic 

acid at 80°C, 60°C, and 25°C (ambient temperature) achieved 100%, 98%, and 97%, 

respectively. So, the findings indicated that UV radiation impacts the transformation of oleic 

acid by facilitating the decomposition of H2O2 to hydroxyl radicals by breaking the O-H bond, 

which is the best choice for this reaction in operating, which is UV-C radiation and heat.
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Fig. 3 The conversion under different temperature conditions with UV-C radiation. 

Fig. 4 the results of the under different conditions. 

100 98 97

0

10

20

30

40

50

60

70

80

90

100

80 °C with UV-C 60 °C with UV-C 25 °C (Ambient  temp) with UV-C

%Conversion

100

98

97

94

91

92

93

94

95

96

97

98

99

100

80 °C with UV-C 60 °C with UV-C 25 °C (Ambient  temp)

with UV-C

80 °C without UV

%Conversion

270



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

4. Conclusions

This study investigated the oxidative cleavage of oleic acid with WO3 as a catalyst under 

different working conditions and temperatures. The results showed that the conversion of oleic 

acid was enhanced by the presence of UV-C radiation, which increased the production of 

hydroxyl radicals from hydrogen peroxide. The hydroxyl radicals were highly effective in 

oxidizing the oleic acid and its reaction products, leading to 100% conversion at 80°C. The 

conversion of oleic acid was also influenced by the temperature, as lower temperatures reduced 

the reaction rate. However, the use of UV-C radiation compensated for the lower temperatures 

by generating more hydroxyl radicals. The study demonstrated that UV-C radiation can 

improve the oxidative cleavage of oleic acid. This has potential applications in the production 

of chemical substances and bioproducts from renewable sources that do not require operating 

conditions at high temperatures. 
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Abstract 

Mineral oil, a product obtained from petroleum refinery, has excellent electrical insulation 

properties, efficient heat dissipation, and stability at high temperatures. However, it is non-

biodegradable and toxic to the environment. Thus, palm oil is expected to replace the use of 

mineral oil as a liquid insulator for transformers to reduce fossil fuel consumption. However, it 

has high viscosity and pour point due to palmitic acid (C16:0) and oleic acid (C18:1), which 

the main saturated and unsaturated components in palm oil. Since the unsaturated portion 

promotes the good cold flow properties of the oils, the enhancement of the unsaturated part in 

the palm oil structure via chemical interesterification (CIE) involving a rearrangement or 

exchange of the fatty acids on the glycerol backbone of the triacylglycerol molecule of palm oil 

was the aim of this research. Herein, the refined, bleached, and deodourised palm oil (RBDPO) 

mixed with methyl oleate (MO, C18:1) at 50/50 (w/w) were used as feedstocks for CIE process. 

The reaction was fed into the reactor and the reaction was conducted in the presence of sodium 

methoxide (NaOCH3) 0.5 wt% based on the feedstock content) at 70-110 ºC for 0.5-1.5 h. The 

content of triacylglycerol with the carbon number of C54 (TAG-C54) was enhanced from 

5.29% in feedstocks to 16.82% when the CIE was conducted at 110 ºC for 1.5 h. The product 

with high TAG-C54 content could be used as an alternative in bio-transformer oil production. 

Keywords: Chemical interesterification; Methyl oleate; Palm oil; Oleic acid 

1. Introduction

Palm oil is obtained from the extraction of oil palm fruits, particularly from the outer layer

called as mesocarp. It is semi-solid at room temperature and bright orange-red [1]. Generally, 

palm oil consists of saturated and unsaturated fatty acids in equal fractions. Saturated fatty acids 

fraction contains 39.3-47.5 wt% palmitic acid (C16:0) and 3.5-6.0 wt% stearic acid (C18:0), 

while unsaturated fatty acids portion composes with 36-44 wt% oleic acid (C18:1) and 9-12 

wt% linoleic acid (C18:2) [2]. Mostly, the fatty acids in palm oil are present in the form of 

triacylglycerols (TAGs) in an amount of 94-98% [3], TAG is consisted of three fatty acids 

linking with glycerol by an ester bond. The position of fatty acids in TAG is indicated according 

to a stereospecific numbering system (sn) such as sn-1, sn-2 and sn-3 as shown in Fig. 1. At sn-

1 and sn-3 positions, unsaturated fatty acids are located, while sn-2 position is the position of 

the saturated fatty acids [2]. The arrangement of fatty acids within TAG plays an important role 

to affect the thermal behavior of oils in terms of crystallization and melting point. The higher 

portion of saturated fatty acids induces the oil to be quickly crystallized [4] with the high 
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oxidative and thermal stability. In the other hand, the oil with the higher content of unsaturated 

fatty acids shows the low pour point and cloud point.  

Fig. 1 Triacylglycerol structure (R= fatty acid) [2]. 

Mineral oil produced from petroleum refinery has excellent electrical insulation properties, 

efficient heat dissipation, and stability at high temperatures [5]. However, it is non-

biodegradable and toxic to the environment with low fire point (160-170 °C) and flash point 

(170-180 °C). Meanwhile, the palm oil has advantages in the aspect of environmental friendly, 

biodegradable with high fire point (> 300 °C) and flash point (> 350 °C) [6]. However, its high 

viscosity (39.4 cSt) and pour point (23.6 °C) [7] are required to be improved before applying 

as transformer oil, which the viscosity and pour point of transformer oil are limit to be less than 

50 cSt and -10 ºC, respectively according to the international standard IEC 62770. Since the 

poor cold flow properties (high viscosity and pour point) are related to the degree of saturation, 

this work aims to improve the TAG structure of palm oil via chemical interesterification (CIE) 

to have the higher level of unsaturation. This process involves with the exchange of fatty acids 

between different esters, acids, and alcohols to form new esters [8]. The change in position of 

fatty acids can occur in 2 ways: 1) intraesterification, involving the change of the position of 

fatty acids within the same glycerol molecule and 2) interesterification, which is related to the 

exchange of fatty acids with another glycerol molecule. The reaction mechanism of 

interesterification is proposed as shown in Fig. 2. 

Fig. 2 Chemical interesterification mechanism: (a) initiation, (b) propagation and 

(c) termination [9].

(a) 

(b) 

(c) 

 glyceroxide anion 

fatty acid methyl ester

partial glyceride 
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The initiation is activated by catalyst. The methoxide radical generated from methoxide 

catalyst attacks the carbonyl carbon of the ester bond to form a tetrahedral intermediate (Fig. 

2(a)). Propagation is the formation of fatty acid methyl ester and glyceroxide anion acting as a 

nucleophile to attack the carbonyl carbons of other TAGs (Fig. 2(b)). For the termination step, 

the reaction is terminated by adding acid [9] or hot water [10] to deactivate the catalyst and 

glyceroxide anion. The proton then reacts with glyceroxide anion to form partial glyceride (Fig. 

2(c)). From poor cold flow properties of palm oil, this research aims to increase the oleic content 

in the TAG structure of palm oil via CIE by using methyl oleate (MO). The reaction parameters 

affecting level of MO conversion and carbon number of the obtained product such as reaction 

time and reaction temperature were investigated. In the case that the TAG contains oleic acid 

for all sn position, the total carbon number of the obtained modified triacylglycerol would be 

54 (TAG-C54).

2. Materials and Methods

2.1. Materials 

Refined, bleached, and deodourised palm oil (RBDPO) obtained from Patum Vegetable 

Oil Co., Ltd. (Thailand) consists of 0.29% free fatty acids (FFA), 0.16 % monoacylglycerols 

(MAG), 7.39% diacylglycerols (DAG) and 92.16% triacylglycerols (TAG). Methyl oleate (MO 

(C18:1), 70% purity) was manufacturaed by Sigma–Aldrich (Germany). Sodium methoxide 

anhydrous powder was obtained from Acros Organics (Germany). 

2.2. CIE of RBDPO with MO 

RBDPO and MO were mixed at a ratio of 50/50 (w/w) in 250 mL pressure reducing filter 

flask. The ratio between RBDPO and MO was followed the previous literature reported by 

Ramli et. al. [10]. The mixture was then heated under vacuum (20 mbar) for 40 min to eliminate 

the trace of water. Then, sodium methoxide (NaOCH3) 0.5 wt% based on the feedstock 

(RBDPO and MO) content was added into the reaction mixture to start the reaction under a 

reduced pressure (20 mbar) for desired reaction time (0.5-1.5 h) and temperature (70-110 ºC). 

To terminate the reaction, 5 mL hot water was added into the reaction mixture [11]. 

2.3. Analysis of compositions in RBDPO and products 

Before analysis, 0.05 mg sample was mixed with 250 L of N,O-Bis(trimethylsilyl)

trifluoroacetamide (BSTFA) and 200 of L pyridine. The mixture was heated at 40 ºC for 

10 min and then 1000 L n-heptane was added. The obtained resulting mixture was analyzed

to determine its composition by gas chromatography flame ionization detection (GC-FID, 

Shimadzu gas chromatograph GC-2010) equipped with Elite5HT column (12 m, 0.32 mm i.d. 

and 0.10 µm) using helium as a carrier gas at a flow rate of 10 mL/min. 1 µL sample was 

injected into the GC-FID at a injector temperature of 300 °C with a split ratio of 1:25. The oven 

temperature was initially held at 80 °C for 2 min and  programmed to increase to 340 °C at a 

rate of 8 °C/min, and then kept at this temperature for 10 min. The detector temperature was 

controlled at 360 °C. 

3. Results and Discussion

Palm oil consisted of acyl groups classified as diacylglycerols (DAG) and triacylglycerols

(TAG). DAG can be divided into three catagories based on the sum of carbon atoms in the acyl 

chains: C32, C34 and C36 as shown in Fig. 3(a). For TAG, it is categorized into four groups 
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based on the sum of carbon atoms in the acyl chains: C48, C50, C52 and C54 as shown in 

Fig. 1. In the case that the acyl chain is entirely composed of palmitic acid (C16:0), the carbon 

number is C48. If all three acyls of TAG are oleic acid (C18:1), the carbon number is C54. In 

addition, the C50 and C52 groups are TAG mostly consisting of fatty acids with 18 carbon 

atoms (stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2)) combining with fatty 

acids containing 16 carbon atoms (palmitic acid (C16:0)). Moreover, monoacylglycerols 

(MAG) are also found in the composition of palm oil. The structure of MAG is shown in 

Fig. 3(b). 

Fig. 3 Structure (a) diacylglycerols (DAG) and (b) monoacylglycerol (MAG). 

(R = fatty acid) [12]. 

3.1. Feedstock composition 

Composition of the mixed feedstock (RBDPO/MO = 50/50 (w/w)) before CIE is shown in 

Table 1. TAG generated from RBDPO was 45.11 wt%. This mixture also contained 3.44 wt% 

DAG from RBDPO and other components consisting of 0.72 wt% MAG from RBDPO and 3.24 

wt% FFA  

Table 1. Composition of the mixed feedstock

Compositions wt% 

MO 47.49 

TAG 

TAG-C48 

TAG-C50 

TAG-C52 

TAG-C54 

45.11 

0.87 

17.33 

21.32 

5.29 

DAG 

DAG-C32 

DAG-C34 

DAG-C36 

3.44 

0.23 

1.98 

1.23 

Others 

MAG 

FFA 

3.96 

0.72 

3.24 

SUM 100 

Note: MO = methyl oleate, TAG = triacylglycerols, DAG = diacylglycerols, MAG = 

monoacylglycerols and FFA = free fatty acid. 

3.2. Effect of reaction time 

The effect of the reaction time on the compositions in the obtained product was shown in 

Fig. 4. The increased MO conversion was accompanied by a higher others content and an 

(a) (b) 
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increase in DAG content [10]. After CIE, the degree of MO conversion (Fig. 4(a)) tended to 

increase from 1.66% to 12.9% when the reaction time was extended from 0.5 h to 1.5 h. It was 

caused by the replacement of C18:1 generated from MO to hydroxyl group in DAG and acyl 

group in TAG. The increase in others fraction from 3.96 wt% in feedstock to 11.0 wt% in the 

product obtained at 1.5 h confirmed the release of the acyl group from TAG as shown in Fig. 

4(a).  

 

 

Fig. 4 Effect of reaction time on (a) the level of MO conversion and product compositions, 

(b) DAG compositions and (c) TAG compositions (Condition: T = 90 °C and 0.5% NaOCH3).

The change in the compositions in DAG and TAG fractions was also observed in Fig. 4(b)

and 4(c), respectively. At 1.5 h, the level of DAG decreased to 2.42 wt%. This result was 

consistent with the TAG change that amount of TAG increased from 43.5 wt% to 46.2 wt% 

when the reaction time was 1.5 h. It indicated that the longer time induced the more removal of 

acyl groups from the glycerol backbone of TAG due to the reaction between MO and DAG or 

TAG. The longer reaction time promoted the better reactivity between MO and the hydroxy 

group in DAG to generate TAG. Moreover, the levels of TAG-C50 and TAG-C52 decreased 

and the level of TAG-C54 increased at longer reaction time. The increase in the TAG-C54 was 

caused by 2 reasons: 1) the reaction between the hydroxyl group in DAG and MO and 2) the 

replacement of C18:1 generated from MO to the acyl group in TAG-C50 and TAG-C52. At 

1.5 h, the amount of TAG-C54 increased from 9.3 wt% to 14.8 wt%. 

3.3. Effect of reaction temperature 

Figure 5 shows the effect of reaction temperature on the change of the compositions in the 

liquid product. The higher reaction temperature to 90 °C increased the degree of MO conversion 

and others to 12.9% and 11.0 wt%, respectively. This result was also revealed by a previous 

literature [13]. This indicated that C18:1 generated from MO replaced the hydroxyl group in 
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DAG and the acyl group in TAG. However, the increase in the reaction temperature to 110 °C 

decreased the level of MO conversion. This indicated a competition between MO and others 

consisting of FFA and MAG to replace the acyl group in TAG.  

Fig. 5 Effect of reaction temperature on (a) the level of MO conversion and product 

compositions, (b) DAG compositions and (c) TAG compositions (Condition: Time = 1.5 h 

and 0.5% NaOCH3).  

The level of DAG and TAG compositions as shown in Fig. 5(b) and 5(c) indicated that the 

level of DAG content decreased to 2.40 wt% and 1.71 wt% at the reaction temperature of 90 

and 110 °C, respectively, whereas the amount of TAG increased to 46.2 wt% and 46.5 wt%, 

respectively. This indicated that the higher reaction temperature promoted the acyl group 

replacement in DAG, especially DAG-C34 and DAG-C36. The proportion of TAG-C54 at 70, 

90 and 110 °C increased to 6.52 wt%, 14.77 wt% and 16.82 wt%, respectively. It was 

corresponded to the decrease in the amount of TAG-C50 and TAG-C52. Moreover, this result 

indicated the acyl group in TAG-C50 and TAG-C52 was replaced by C18:1 generated from 

MO and the acyl group from others fraction. Although the level of MO conversion at 90 °C was 

greater, the reduction of others fraction, DAG, TAG-C50 and TAG-C52 at 110 °C was less than 

those obtained from the system at 90 °C. Additionally, the increase in TAG-C54 at reaction 

temperature of 110 °C higher than 90 °C. This result suggested that the replacement in DAG, 

TAG-C50 and TAG-C52 was due to the reaction between others fraction and the group of DAG, 

TAG-C50 and TAG-C52, it could be that others fraction consisting of C18:0, C18:1 or C18:2 

content. 

4. Conclusions

Chemical impregnation (CIE) of RBDPO with MO increased the level of TAG-C54 group

in the product delivered from palm oil. Therefore, the increase in TAG-C54 represents a change 

in the structure of TAG in palm oil. The optimum condition for increasing the TAG-C54 portion 
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were the reaction temperature of 110 °C, reaction time of 1.5 h and 0.5% of NaOCH3. Moreover, 

the higher reaction temperature and the longer reaction time enhanced the replacement of MO 

(C18:1) in the acyl group of TAG-C50 and TAG-C52. 
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Abstract 

L-lysine is one of the essential amino acids for humans and animals. In general, a fermentation

process is used to produce L-lysine. Glucose is utilized as a carbon source for fermentation.

Various starch feedstocks are converted to glucose. However, cassava pulp is an interesting

feedstock for L-lysine production because it is waste in the starch industry. The cassava pulp

was converted to glucose by enzymatic hydrolysis. After that, the cassava pulp hydrolysate was

filtered, centrifuged, and concentrated. The condensed hydrolysate (glucose) was utilized as the

carbon source for L-lysine production. Corynebacterium glutamicum TISTR 461 was cultured

on a nutrient agar, inoculum medium, and main medium in an Erlenmeyer flask, respectively.

The conditions were maintained in a shaker at 200 rpm and 30 ˚C for 72 h. This fermentation

investigated the effects of glucose, initial glucose concentration, and incubated pH for L-lysine

production. The glucose from the AR grade gave a higher L-lysine concentration (11.52 g/L)

than hydrolysate (7.65 g/L). The optimum condition for L-lysine production was 100 g/L of

initial glucose concentration at incubated pH of 7.2 and provided L-lysine concentration of 8.17

g/L.

Keywords: Cassava pulp; L-lysine; Corynebacterium glutamicum. 

1. Introduction

In 2019, 10.2% of the cultivated cassava global production in Thailand. 82.1% of the

domestic cassava was used as a raw material in industries like sweeteners, starch, food, and 

beverages [1]. For starch production, there is waste namely cassava pulp [2]. Cassava pulp is 

sold as an animal feed because of its low prices. When observing the components of the cassava 

pulp, there is a high starch and some cellulose [3]. These carbon sources could be the raw 

materials in other processes such as ethanol production, acid production, and amino acid 

production. It also increases the value of cassava pulp and reduces waste in the starch industry. 

For the fermentation process, carbon sources can be glucose, fructose, sucrose, molasses, 

and starch hydrolysate [4]. However, the high amino acid was produced by using glucose 

compared to another carbon source [5]. There are many ways to produce glucose from cheap 

carbon sources like acid hydrolysis, base hydrolysis, and enzymatic hydrolysis. Nevertheless, 

chemical process provide environmental problems and harmful conditions [6]. This caused to 

selected enzymatic hydrolysis to avoid problems. Normally, cellulase, α-amylase, and 

amyloglucosidase were used to digest cellulose, and starch to glucose, respectively. 
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Amino acid is a basic compound in animals and plants. It is useful for the growth of muscle, 

the production of hormones, immunity, and neurons [7]. L-lysine is one of the essential amino 

acids that cannot be synthesized by the human body. So, it is a component of supplementary, 

feed additive, cosmetic, and pharmaceutical [8]. The L-lysine was produced by fermentation 

because it provided only L-amino acid [9]. Corynebacterium glutamicum is a popular bacterium 

for the L-lysine fermentation process. Because this strain is fast growing, not acid-fast, non-

sporulating, and nonpathogenic [10]. It also uses cheap carbon sources as a raw material [11]. 

The quality of L-lysine depended on C. glutamicum. The parameters in broth such as initial 

glucose concentration, incubated pH, incubated temperature, incubated time, and DO 

(dissolved oxygen) must be controlled at optimum conditions for the bacteria.  

Thus, this research investigates the parameters of initial glucose concentration and 

incubated pH on a laboratory scale. In the future, these results will be used in a 5 L of Bioreactor 

to develop the optimum conditions for L-lysine production. 

2. Materials and Methods

2.1. Raw materials 

Cassava pulp was received from Korat Flour Industry Co., ltd., Nakhon Ratchasima, 

Thailand. The cassava pulp (wet basis) was dried under the sunlight for 4 days, ground, and 

sieved into less than particle sizes of 150 µm. The cassava pulp (dry basis (%w/w): starch, 

62.91; moisture, 9.54; cellulose, 7.00; other, 20.55) was stored in a desiccator and used for the 

experiment. 

2.2.  Enzymes and Microorganism 

The cellulase (activity: 12,524 U/mL), α-amylase (activity: 162,078 U/mL), and amylo-

glucosidase (activity: 230,110Ug/mL) were purchased from Nutitech co, ltd., Bangkok, 

Thailand. The Corynebacterium glutamicum TISTR 461 was purchased from the Thailand 

Institute of Scientific and Technological Research (TISTR), Bangkok, Thailand. 

2.3. Preparation of Cassava Pulp Hydrolysate 

The 5 %w/w of cassava slurry was prepared by adding 250 g of cassava pulp into 4750 g 

of distilled water. The mixture was gelatinized at a temperature of 85 ˚C and pH 6.0 for 10 min. 

Then, the slurry was cooled to a temperature of 60 ˚C. The 237 µL of cellulase was added into 

the slurry at pH 5.5 for 6 hr. After that, the slurry was liquefied at temperature of 90 ˚C and pH 

6.0 for 2 hr 30 min by adding 28 µL of α-amylase. Finally, the temperature of the slurry was 

cooled at a temperature of 60 ˚C. The slurry was saccharified by adding 88 µL of amylo-

glucosidase at pH 6 for 4 hr. The amount of enzyme based on optimum usage from product 

information. The cassava pulp hydrolysate was filtered, centrifuged at 8000 rpm for 10 min, 

and concentrated by rotary evaporator at a temperature of 40 ˚C and vacuum pressure of 45 

mbar. The cassava pulp hydrolysate was stored in a freezer to avoid contamination. 

2.4. Medium and Culture Conditions 

C.glutamicum TISTR 461 was cultured on nutrient agar at a temperature of 30 ˚C for 48 hr.

Two loops full of C.glutamicum were transferred and inoculated in 40 mL of seed culture 

medium at a temperature of 30 ˚C, pH 7.2, and agitation speed of 200 rpm for 20 hr. The 5 mL 
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of seed culture medium was transferred into 45 mL of the main medium for preparation of 10% 

v/v inoculum. The main medium was incubated at the temperature of 30 ˚ C, pH 7.2, and 

agitation speed of 200 rpm by using a shaking water bath for 72 hr. The pH of the main medium 

was maintained by 5 M of NaOH every 4 hr. The initial glucose concentration and incubated 

pH of the main medium were investigated. The L-lysine production was done in 250 mL of 

Erlenmeyer flask. 

Nutrient agar was prepared the following (g/L): beef extract, 3; peptone, 5; agar, 15. Seed 

culture medium was prepared the following (g/L): glucose, 30; peptone, 10; yeast extract, 5; 

NaCl, 3; MgSO4.7H2O, 5; MnSO4.SO4, 5; K2HPO4, 1.5; KH2PO4, 0.5; biotin 2.5x10-6. Main 

medium was prepared the following (g/L): glucose, 110; peptone, 10; yeast extract, 5; meat 

extract, 5; MgSO4, 0.25; MnSO4, 0.01; (NH4)2SO4, 15; K2HPO4, 1.5; KH2PO4, 0.5; CaCO3, 10; 

FeSO4, 0.01; CH3COONa, 2; vitamin B1, 1.25 x10-6; biotin 2.5 x10-6. 

2.5. Analytical Methods 

The moisture, starch, and cellulose contents of cassava pulp were determined by AOAC 

(2000) [12], Rojas, M.J. [13], and TAPPI (1999) [14].  

Glucose concentration was determined by the DNSA method [15]. The broth was 

centrifuged at 8,000 rpm for 10 min. The 1 mL of supernatant and 2 mL of DNS reagent (1 g 

of 3,5-dinitrosalicilic, 20 mL of 2 M NaOH, 30 g of Na-K tartrate and added distilled water to 

100 mL of solution) were mixed into a test tube. The mixture was heated in boiling water for 5 

min. Then, the mixture was cooled and diluted 100 times. The diluted mixture was measured at 

an absorbance value at a wavelength of 540 nm by a UV-visible spectrometer.  

L-lysine concentration was determined by the Ninhydrin-ferric reagent method [16]. The

20 µL of supernatant, 660 µL of reagent A (373 mL of methylcellosolve, 30 mL of 50 %(w/w) 

FeCl3 and 600 mL of 0.1 M KCl which was adjusted pH to 1 by 1 N of HCl) and 370 µL of 

reagent B (1 g of ninhydrin, 100 mL of 0.1 M KCl which was adjusted pH to 1 by 1 N of HCl) 

were mixed into a test tube. The mixture was heated in boiling water for 20 min and cooled 

with tap water. The 4 mL of Dimethyl sulfoxide (DMSO) and 6 mL of deionized water were 

added to the mixture. The mixture was measured an absorbance value at a wavelength of 470 

nm by a UV-visible spectrometer. 

The C.glutamicum TISTR 461 was determined by dry cell weight (DCW) [17]. The 

resulting precipitate from the DNSA method was collected. The precipitate was washed twice 

with distilled water and dried at a temperature of 105 ˚C until the weight of DCW was constant. 

3. Results and Discussion

After enzymatic hydrolysis, the glucose concentration of hydrolysate of glucose was 40 g/L.

The hydrolysate was separated to remove residues and condensed by a rotary evaporator to 

receive 150 g/L of glucose concentration. The hydrolysate was diluted and used as a carbon 

source at different initial concentrations. 

3.1. Effect of source of glucose to L-lysine production 

Figure 1 shows the effect of the source of glucose to L-lysine production at initial glucose 

concentration of 110 g/L and incubated pH of 7.2. After 72 hr of incubated time, the L-lysine 

concentration using AR grade of glucose as a carbon source (11.52 g/L) was higher than 

hydrolysate (7.65 g/L). The remained glucose of AR grade was 35.96 g/L whereas hydrolysate 

was 27.73 g/L. However, the utilization of glucose using hydrolysate was higher, but the L-
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lysine concentration was lower. Under enzymatic hydrolysis, the hydrolysate may be contained 

components such as xylose, arabinose, dehydration of lignin, acetic acid, and lactic acid [18]. 

These components inhibited the growth of microorganisms [19].  

Fig. 1 The effect of the source of glucose to L-lysine production at initial glucose 

concentration of 110 g/L and incubated pH of 7.2 

3.2. Effect of initial glucose concentration to L-lysine production 

Figure 2 shows the effect of the initial glucose concentration to L-lysine production at 

different initial glucose concentrations of 40-110 g/L and incubated pH of 7.2. When the initial 

glucose concentration increases, the L-lysine concentration increases and then slightly 

decreases. While DCW (dry cell weight) is stable and has a little decline, glucose concentration 

increases. The maximum L-lysine concentration is 8.17 g/L at the initial concentration of 100 

g/L. Thus, the initial glucose concentration of 100 g/L is an optimum condition for L-Lysine 

production. This effect is due to inhibitors like a higher initial glucose concentration [20] and 

some desirable components in hydrolysate [21]. This inhibited the growth of bacteria associated 

with L-lysine production [22].  

3.3. Effect of incubated pH to L-lysine production 

Figure 3 shows the effect of the incubated pH to L-lysine production at initial glucose 

concentrations of 100 g/L and different incubated pH of 6.5-8.0. During increasing incubated 

pH, the DCW increases. The trend of remaining glucose concentration also decreases but 

increases suddenly at a pH of 7.2. This result according to L-Lysine concentrations and provides 

the maximum L-Lysine concentration of 8.17 g/L. Thus, the incubated pH media at 7.2 is an 

optimum condition. It is an important parameter to L-Lysine production because incubated pH 

affected bacteria growth.[20]  
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Fig. 2 The effect of the initial glucose concentration to L-lysine production at different initial 

glucose concentrations of 40-110 g/L and incubated pH of 7.2 

Fig. 3 The effect of the incubated pH to L-lysine production at initial glucose concentrations 

of 100 g/L and different incubated pH of 6.5-8.0 

4. Conclusions

This study shows that L-Lysine production using C.glutamicum TISTR 461 can be

produced from hydrolysate, as a carbon source, obtained enzymatic cassava pulp. The initial 

glucose concentration and incubated pH affect productivity of L-lysine. This can be used as the 

condition to improve the fermentation of L-lysine production. In the future, these will lead to 

study the L-lysine fermentation in different sizes of bioreactor.  
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Abstract 

Adsorption of moisture by rice husk silica and commercial silica was investigated in 

this study. Rice husk silica was extracted from rice husk using a strong base solution and 

neutralized by a strong acid solution. After the drying process, the silica was characterized by 

XRF and BET. Subsequently, the adsorption experiments were carried out in a batch to 

determine adsorption equilibrium time and adsorption isotherm. It was found that the purity and 

the surface area of rice husk silica were 90% and 214 m2/g, respectively. The adsorption process 

of both silicas reached equilibrium within 36 hr. Furthermore, the adsorption isotherms were 

found to be linear in the range of moisture content studied and the adsorption capacity of rice 

husk silica was around 63% of that of commercial silica. 

Keywords: Adsorption; rice husk silica; air moisture content. 

1. Introduction

Rice is one of the most abundantly produced and consumed foods worldwide. It is a

major source of sustenance for more than three billion people annually [1]. After harvesting, 

rice grain is separated from rice husk (RH) for human consumption using the milling process. 

This residue, RH, is generally incinerated as fuel in biomass power plants, and the byproduct 

of this process is rice husk ash (RHA). Generally, RHA has been utilized in various 

applications, for example, as a filler in rubbers [2] or as an additive to concrete for increased 

permeability [3]. However, the amount of RHA used in these applications is rather small, 

compared to the amount produced from biomass power plants. Conversion of RHA to other 

high value products is therefore required to reduce the tremendous effect of the ever-present 

waste generation and environmental pollution [4]. 

The properties of RHA are such that it contains rather high amounts of silica (85-98% 

wt) [5] compared to other plant ash. RHA is therefore considered an important natural silica 

source. Generally, silica is a lightweight and highly porous material with a large external surface 
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area [6], making it suitable for use as an adsorbent, especially for heavy metal, dye, and 

moisture [7]. For example, Khan et al. [8] studied the removal of arsenic ion from water using 

rice husk silica (RHS), the results of which indicated that RHS could effectively adsorb and 

eliminate approximately 60% of arsenic ion.  

Although the use of RHS as an adsorbent in several applications has been investigated, 

a comparison of the adsorption efficiency of RHS and commercial silica has not been reported. 

In this research, a comparative analysis of the adsorption efficiency of RHS and commercial 

silica is undertaken to provide insights for further economical evaluation of large-scale RHS 

production.   

2. Experiment

2.1 Materials

RH was obtained from local milling (Phra Nakhon Si Ayutthaya, Thailand).

Commercial silica was purchased from Pro Dry Chemical Co., Ltd (Samut Prakarn, Thailand). 

All chemicals used in the preparation of rice husk silica, i.e., sodium hydroxide and 

hydrochloric acid were supplied by Fisher Scientific (USA).

2.2 Preparation of RHS 

The method for preparation of RHS is depicted in Fig.1. Initially, RHA was pretreated 

by adding 100 g of RH to a beaker containing 1000 mL of 1 M HCl. The beaker was then heated 

up to 70°C for 1 hour using a hot plate (C-MAG HS 4, IKA), after which the heat source was 

removed and the beaker cooled down to room temperature. The RH was then separated from 

the solution by filtration. It was subsequently washed with deionized water until it reached a 

pH of 7. The RH was dried in an oven (OF-01E, JEIO TECH) overnight.  

For the process of converting pretreated RH to RHA, 20 g of RH was placed in a 300 

mL crucible and burnt in a furnace (Thermo Scientific FB1415M, TEquipment) at 700 ⁰C for 2 

hours. The conversion into RHS was performed by adding 10 g of RHA to a beaker containing 

100 mL of 1 M NaOH solution, and the mixture was stirred at 70 ⁰C for 24 hours. Afterwards, 

a filtration assembly was used to filter the solution. The remaining ash on the filter paper was 

then washed with 100 mL of hot water, and the filtrate was neutralized using 1 M of HCl to 

form silica gel. The solution was left overnight to completely congeal. After that, the gel was 

then crushed and washed with 100 mL of distilled water. Subsequently, the gel was dried in an 
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oven at 100 °C for 24 hours. The dried silica was ground to fine particles with diameters 

between 125 and 160 μm.  

Fig. 1 Schematic diagram for the preparation of RHS 

2.3 Characterization of RHS 

The RHS was characterized by X-ray Fluorescence (XRF) to analyze the composition 

and by Brunauer-Emmett-Teller analysis (BET) to determine the pore volume, pore diameter 

and surface area.  

2.4 Adsorption experiments 

Batch adsorption experiments were conducted by placing 6 vials, each containing 1.5 g 

of commercial silica, and 6 vials, each containing 1.5 g of RHS, in a plastic box with a beaker 

of water aerated with an air compressor to promote a humid environment (as shown in Fig. 2). 

The temperature was controlled at 30 ±1 oC. To determine equilibrium time and adsorption 

equilibrium, the effect of contact time (6 – 48 hours) and moisture content (68 - 85%) were 

investigated. The amount of moisture adsorbed per unit mass of adsorbent (𝑞), in mg/g, was 

determined by Eq. 1 

290



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

𝑞 =
𝑤𝑓−𝑤𝑖

𝑤𝑠
(1) 

where 𝑤𝑖 and 𝑤𝑓 are the initial and final weights of bottle and 𝑤𝑠 is the amount of adsorbent in 

the bottle.  

Fig. 2 Schematic diagram of adsorption experiment 

3. Results and discussion

3.1 Characterization of RHS

RHS was characterized by XRF to determine its composition. The result is presented in

Table 1. 

Table 1 Composition of RHS  

Component Percent 

SiO2 90.15 

Na2O 7.98 

CaO 0.72 

FeO 0.54 

NiO 0.31 

CuO 0.30 

As shown in the table, the main compositions of RHS are SiO2 and Na2O, around 90% 

and 8%, respectively. These results are consistent with other studies [9-11].   
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Characterization results of RHS by BET analysis to determine pore volume, pore 

diameter and surface area are presented in Table 2. As indicated in the table, the surface area 

of RHS is 213.9 m2/g, which accords well with the results of other studies [11-12]. The pore 

diameter and pore volume are also within the range presented in other studies [11, 13-14].  

Table 2 BET characterization results of RHS 

Parameter 

Total surface area 213.9 m2/g 

Total pore volume 0.35 cm3/g 

Pore diameter 11.15 nm 

3.2 Adsorption experiments 

Adsorption kinetics of moisture was carried out to determine the equilibrium time using 

batch adsorption at 85% moisture content. The results are presented in Fig. 3. As shown in this 

figure, the amounts of moisture adsorbed by both silicas are linearly proportional to contact 

time up to 36 hours, after which they plateau, indicating equilibrium of adsorption. The contact 

time, which is 36 hours, is the most suitable duration for studying adsorption isotherm.  

The adsorption isotherms of moisture of both silicas were studied by varying moisture 

content. The results are presented in Fig. 4.  As this figure demonstrates, the amount of moisture 

adsorbed slightly increases as the moisture content increases. This is due to the increase in 

contact between water vapor and adsorbents from the accumulation of moisture content in the 

controlled environment. Compared to commercial silica, however, the adsorption efficiency of 

RHS is relatively lower at approximately 63%. This may result from the lower surface area of 

RHS (200 vs 600 m2/g, approximately). In future studies, experimentation with increasing the 

surface area of RHS is recommended to determine whether it yields better adsorption 

efficiency. In addition, the mass production of RHS should be considered for commercial 

purposes. 
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Fig. 3 Amount of moisture adsorbed by rice husk silica and commercial silica at various time 

(at 85% moisture content) 

Fig. 4 Adsorption isotherm of moisture of rice husk silica and commercial silica 

4. Conclusion

In this research, adsorption efficiency of RHS compared to commercial silica was

studied. A moisture adsorption experiment was conducted with varied contact time. The results 

found that the adsorption of both types of silica reached equilibrium within 36 hours and the 

adsorption isotherms were linear. RHS was shown to have 63% of the adsorption efficiency of 

commercial silica. This is probably due to the lower surface area.   
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Abstract 

Carbon capture, utilization, and storage (CCUS) is developed to reduce anthropogenic CO2

emissions from industrial processes that have the capability to capture and efficiently utilize the 

substantial quantities of CO2 that are released by industrial processes. Furthermore, the 

utilization of carbon dioxide conversion to chemicals or CO2 conversion to higher-valued 

products, such as methanol. An exothermic chemical reaction, hydrogenation frequently occurs 

in the presence of a catalyst and is composed of hydrogen molecules and an element or 

molecule. A typical synthesis temperature ranging from 250 °C to 300 °C leads to a minimal 

equilibrium conversion of CO2 as a consequence of thermodynamic constraints. In this study, 

the concept of alcohol-assisted methanol synthesis is investigated as an alternate strategy by 

using primary alcohols, especially 1-propanol, to avoid the product purification problem. 

Methanol was synthesised on a Cu/ZnO/Al2O3 catalyst at temperatures of 140, 170, 200, and 

230 °C using a CO2:H2 1:5 ratio, changing 1-propanol ratios of 1:1 and 1:0, GHSV 420 h-1, and 

30 bars in fixed bed reactor. 1-propanol is used as the alcohol due to its reactivity, providing a 

47.80% methanol yield with 63.93% CO2 conversion and 67.54% methanol selectivity. At 170 

°C, the sample with 1-propanol has a higher CO2 conversion (14.74%) and methanol yield 

(12.86%) than the sample without alcohol. 

Keywords: Methanol; Hydrogenation; Alcohol-assisted; 

1. Introduction

Significant global warming is impacted by climate change. The environment has been 

greatly impacted by human activities, Global warming is the increase in the Earth's 

temperature caused by the greenhouse effect, which is enhanced by human activities such 

as combustion, transportation, and industrial processes that produce carbon dioxide.  

Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), 

chlorofluorocarbons (CFCS), and sulfur hexafluoride (SF6) are critical greenhouse gases 

that must be reduced. As a result of the process's extensive deforestation for practical 

subsistence, the effectiveness of the carbon dioxide removal cycle is diminished. In 

conclusion, global warming is the result of human behavior on a global scale.  Carbon 

dioxide (CO2) is most important greenhouse gases have amount 87 percent of all greenhouse 

gases and tend to continuing to increase results in an increase in global temperatures of 1-3 
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degrees Celsius, which has many consequences, such as the melting of the polar ice caps. 

The weather is unseasonably variable and various disasters occurred. 

Also, global warming has led to health problems in recent years. Dangerously, pollution 

and dust lead to the third-highest death rate for cancer and other diseases among Thais. 

Carbon dioxide levels have been elevated for long time, excessing the established guideline 

of 800-1000 PM. Health will be impacted indirectly. Whether the issue is bodily 

degradation caused by the production of free radicals. from inducing chronic inflammation, 

a substantial body of clinical data indicates that it is associated with sleep quality. Causes 

allergic reactions Because of the indirect impact that the elevated carbon dioxide levels in 

the atmosphere will produce in inflammation of the respiratory mucosa as well as immune 

system functionality. 

In order to mitigate environmental and health concerns, researchers are interested in 

methods of carbon dioxide elimination which considers sustainability when addressing 

issues related to environmental impact. Methanol is one such product developed through 

the investigation of Carbon Capture, Usage and Storage (CCUS). Methanol, which is the 

simplest alcohol (CH3OH), is a chemical component found in countless commonplace items 

such as plastics, paints, automobile components, and building materials. In addition to being 

utilized to power vehicles such as cars, trucks, buses, ships, fuel cells, boilers, and cook 

stoves, methanol is a clean energy resource. 

Methanol is an extremely useful molecule that can be utilized as a fuel or as a component 

in the synthesis of other substances. In recent years, there has been an increasing level of 

interest in the so-called "Power-to-Fuel" method for producing methanol from CO2. 

Methanol, which has numerous applications, is among the most valuable compounds 

produced via CO2 hydrogenation using the "Power-to-Fuel" method. Formaldehyde, acetic 

acid, methyl methacrylate, dimethyl terephthalate, methylamines, dimethyl ether, methyl-

tert-butyl ether, and chloromethane are among the compounds from which methanol is 

commonly extracted and utilized as a solvent or raw material. Additionally, it is possible to 

produce light olefins (ethylene and propylene) by the methanol-to-olefin process. 

Furthermore, methanol exhibits potential as a substitute fuel in the transportation industry 

and in applications involving fuel cells. Methanol can be generated by the following three 

primary processes: syngas production, syngas conversion into methanol, and purification 

via distillation. The majority of syngas is produced through the reforming of natural gas or 

through the synthesis of carbon-based raw materials, including biogas, coal, petroleum, 

heavy oil, or asphalt. Purification via distillation constitute a substantial portion of the whole 

methanol manufacturing process, accounting for around 50 to 80 percent of the overall 

expenditure. Additionally, the development of coke and soot is a possibility and can provide 

a significant concern. 

Currently, the majority of methanol is produced through the catalytic conversion of 

synthesis gas (syngas), which is typically produced through the steam reforming of natural 

gas. Syngas, a mixture of hydrogen, carbon dioxide, and CO2, is converted to methanol at 

temperatures and pressures of 50–100 bar using copper and zinc oxide (Cu/ZnO) catalysts. 

The methanol synthesis process can be described by three equilibrium reactions: 
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𝐶𝑂2 + 3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂    ∆𝐻0 = −49.8 𝐾𝐽/𝑚𝑜𝑙   (1)

𝐶𝑂 + 2𝐻2 ↔ 𝐶𝐻3𝑂𝐻      ∆𝐻0 = −91.0 𝐾𝐽/𝑚𝑜𝑙   (2)

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2  ∆𝐻0 = −41.2 𝐾𝐽/𝑚𝑜𝑙  (3)

Equations (1) and (2) represent the exothermic hydrogenation of CO2, and CO to methanol, 

and Equation (3) represents the water-gas shift (WGS) reaction that is activated by the 

copper-based methanol synthesis catalysts. 

Alcohol type as catalytic solvent is significant effect on methanol synthesis reaction. By 

adding alcohol to the reaction, a novel technique for producing methanol at a low 

temperature from syngas and CO2, is known as alcohol-assisted methanol synthesis. By 

altering the reaction pathway and substantially lowering the reaction temperature, the 

introduction of alcohol enables the production of methanol under low-temperature 

conditions. 

Fig. 1 Illustration of two commonly accepted pathways for methanol synthesis 

via (A) CO2, hydrogenation (B) alcohol-assisted methanol synthesis. 

Alcohol-assisted methanol synthesis from syngas consists of the reactions in Equations (4)-

(8). 

Water-gas shift: 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2  (4)

Formic species synthesis from CO2, and H2: 

𝐶𝑂2 +
1

2
𝐻2 ↔ 𝐶𝑢 + 𝐻𝐶𝑂𝑂𝐶𝑢  (5)

Esterification of formic acid by alcohol to alkyl formate: 
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𝐻𝐶𝑂𝑂𝐶𝑢 + 𝑅𝑂𝐻 ↔ 𝐻𝐶𝑂𝑂𝑅 +  𝐶𝑢𝑂𝐻  (6)

Hydrogenation of alkyl formate to methanol and alcohol: 

𝐻𝐶𝑂𝑂𝑅 + 2𝐻2 ↔ 𝐶𝐻3𝑂𝐻 +  𝐶𝑢𝑂𝐻  (7) 

Cu reactivation: 

𝐶𝑢𝑂𝐻 +
1

2
𝐻2 ↔ 𝐻2𝑂 +  𝐶𝑢  (8)

The methanol productivity obtained in the current research can be compared to results reported 

in other studies. Sutida et al. [3] studied stilising alcohol as a catalyst solvent considerably 

increases methanol yield while assisting in the reduction of reaction temperature and pressure 

(150 C and 50 bar). Alcohol by virtue of its reactivity is ethanol, which yields a substantial 

amount of methanol (47.80%), converts CO2 by 63.93%, and is methanol-selective to 67.54%. 

Conversely, ethanol produces ethyl acetate as an unintended byproduct through side reactions; 

this compound subsequently reacts with methanol to form an azeotrope. Giorgia et al. [4] 

examined a novel Cu/Zn/Al/Zr catalyst that facilitates the conversion of CO2 and H2 to 

methanol. The catalyst was evaluated at laboratory scale using a cylindrical fixed bed reactor 

and 0.5 g of catalyst under isothermal conditions (T = 250 °C). The parameters analysed 

included a gas hourly space velocity ranging from 4000 to 13,000 h-1, a pressure of 3.0 to 7.0 

MPa, and an H2/CO2 molar ratio between 3 and 6. Methanol yields of up to 13% and CO2 

conversion of up to 26% are achieved. 

2. Materials and Methods

2.1 Catalyst preparation 

Before using the Cu/ZnO/Al2O3 catalyst (size 1-1.6 mm) in a packaging catalyst process 

continuous fixed bed reactor, 20 grams of the catalyst's total weight should be crushed into a 

20-cm-tall particle on bed support. Prepare 2.9 grams of aluminum oxide (Al2O3), 0.26 grams

of fiber, and 6.4 grams of ball, as illustrated in Figure 2.
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Fig. 2 Catalyst packing tube 

After encasing the thermocouple in wool, proceed to add aluminium oxide, the catalyst, and 

the ball in that order. Then, in order to test for gas leakage in the system, increase pressure 

to 50 bar and spray foamy liquid onto each valve while introducing N2 at a flow rate of 200 

ml/min into the reactor. This will allow for the observation of bubbles. Reduce catalyst flow 

by N2 to 200 ml/min and H2 to 10 ml/min at a pressure of 5 bar and a temperature of 230 

°C for 4 hours. Achieving a constant temperature while increasing the rate signifies the 

completion of the catalyst reduction process. opening the valve and draining the liquid from 

the system. 

2.2 The performance test of 1-propanol assisted methanol synthesis 

Fig. 3 Test station 
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Table 1. Condition operating 

Temperature (°C) CO2/C3H8O ratio 

140 

170 

1:1 

1:1 

200 1:1 

230 

140 

1:1 

1:0 

170 1:0 

200 1:0 

230 1:0 

In Table 1, a fixed reactor was supplied with a mixture of CO2:H2 (1:5) and 1-propanol 

(1:0, 1:1) as the catalytic solvent. The reactor was subsequently pressured to 30 bar and 

operated at a temperature range of 170, 200, and 230 °C. Following the reaction, the reactor 

was returned to ambient temperature, as illustrated in Figure 3. On-line detection of the 

effluent gas and liquid was accomplished by using 6890N gas chromatography. The 

parameters utilized to quantify the reactivity of catalysts were methanol production, 

CO2 conversion, and product selectivity, which were computed using Equations (10) to (13).

3. Results and Discussion

3.1 Effect of temperature 

At various temperatures, reactions in 1-propanol were conducted under a constant 

overall pressure. The combined influence of reaction temperature and overall gas pressure on 

CO2 conversion, methanol yield, and methanol selectivity is illustrated in Figure 4. At 140, 170, 

200, and 230 °C, the total gas pressure remains constant. It has been observed that methanol 

yield and CO2 conversion increase significantly with temperature within the investigated 

temperature range. The synthesis of methanol from CO2 is an exothermic process, with the 

endothermic reverse water-gas shift reaction occurring as a byproduct. Methanol formation 

rates are comparatively higher than CO formation rates at lower temperatures. 

%Conversion CO
2

Mole flow CO
2
 
in 

– Mole flow CO
2
 
out 

x 100

Mole flow CO
2
 
in

 (10) 

%Yield methanol      = 
Mole flow methanol 

out
x 100

Mole flow CO
2
 
in

             (11) 

% selectivity methanol       = 
Mole flow methanol 

out
 x 100

Mole flow total product 
        (12) 

% selectivity CO  = 
Mole flow CO 

out
 x 100 

Mole flow total product 
            (13) 
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Fig. 4 CO2 conversion, Methanol yield and methanol selectivity in alcohol-assisted methanol 

synthesis from CO2 and H2 with various temperature and ratio alcohol.  

(Conditions: Cu/ZnO/Al2O3 20 g, alcohol: 1-propanol, pressure 30 bar, total flow 100 ml/min, 

GHSV 420 h-1, feed gas: CO2/H2 = 1/5). 

In this study, we investigated the impact of temperature on the efficacy of the catalyst during 

the synthesis of methanol at low temperatures (Fig. 1). Temperature variations do have a impact on 

the specific surface area and activities of the catalyst. While mass transfer is influenced by 

temperature and pressure, the impact of solvent solubility and vapour pressure on catalyst properties 

during the drying process is a more intricate matter. At an operational temperature of 230 °C, 

however, both CO2 conversion and methanol yield attain their maximum values of 24.58% and 

28.33%, respectively.  

3.2 Effect of alcohol 

The impact of alcohol type on the synthesis of methanol using alcohol-assisted methods 

from CO2 and H2 was examined. The choice of alcohols employed as solvents had a substantial 

impact on both the energy consumption and the overall cost of methanol production. In contrast 

to secondary alcohols, which have a boiling point comparable to that of water, the utilization 

of primary alcohols, which have a higher boiling point, substantially enhanced the thermal 

efficiency of the process. In an ideal scenario, solvents with an even higher boiling point would 

be employed to facilitate the separation process, thereby potentially enabling the reactor to 

selectively evaporate methanol and water. In order to achieve reasonable reaction rates at low 

reaction temperatures, the solvent must also be adequately active in the alcohol-promoted 

reaction. Further equilibrium conversion could be achieved through the development of catalyst 

systems with increasing activity, which could permit even lower reaction temperatures. [5] 

Alcohol-consuming side reactions were inevitable despite the use of alcohol as the catalyst 

solvent; for example, dehydrogenation of 1-propanol could produce propyl propionate and 
propyl formate from esterification of formic acid and 1-propanol, respectively. To examine the 
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impact of temperature, the temperature of the reaction was decreased to 140 °C. The methanol 

yields slightly decreased to 2.54%, likely due to a slower reaction rate. However, methanol 

selectivity significantly increased (84.57%). The Cu/ZnO catalyst was typically utilised in 

conventional methanol synthesis at temperatures between 250 and 300 °C, as CO2 hydrogenation 

to methanol did not take place at lower temperatures (140-150 °C). 1-propanol facilitated the 

occurrence of the alcohol-assisted methanol synthesis reaction at a reduced temperature. At 170 °C, 

the sample with 1-propanol has a higher CO2 conversion (14.74%) and methanol yield (12.86%) 

than the sample without alcohol. 

4. Conclusions

It was discovered that methanol yield and CO2 conversion increase significantly with 

temperature within the investigated temperature range. However, at an operating temperature 

of 230 °C, both CO2 conversion and methanol yield reach their peak values of 24.58% and 

28.33%. Alcohol serves as the catalytic solvent in a novel low-temperature methanol synthesis 

method from CO2 and H2 via a 1-propanol promoter, as stated in the conclusion. The effects of 

the alcohol used in alcohol-assisted methanol, dehydrogenation of 1-propanol could produce 

propyl propionate and propyl formate from esterification of formic acid and 1-propanol, 

respectively. 1-propanol accelerated the alcohol-assisted methanol synthesis reaction at a lower 

temperature. Solvents with an even higher boiling point would be employed to facilitate the 

separation process. At 170 °C, the sample with 1-propanol has a higher CO2 conversion 

(14.74%) and methanol yield (12.86%) than the sample without alcohol. Subsequent 

investigations should aim to decrease the duration of space velocity time when operating at low 

temperatures, as this influences the rate of reaction in an experiment. In order to achieve a 

greater methanol yield, substances typically require an extended residence time as they require 

more time to transit through the system.  
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Abstract 

The issue of PM2.5 in Thailand stands as a pressing national concern, demanding urgent 

solutions. Particularly in the Bangkok metropolitan region, PM2.5 values consistently surpass 

established standards, directly impacting the daily lives of residents. These levels tend to 

escalate during the winter season, spanning from October to March each year. Meteorological 

factors significantly influence the occurrence and accumulation of PM2.5; therefore, this 

research aims to investigate the correlation between these factors and PM2.5 levels in Bangkok. 

This research explores the correlation between meteorological factors and PM2.5 levels 

specifically in the Bangkok area. The Deep Neural Network (DNN) model was developed to 

predict PM2.5 concentration using meteorological factors. Additionally, the study tests the 

accuracy of the model predictions by using the Cascade Virtual Impactor (CAVI) to measure 

PM2.5 and compare it with the model predictions. The results demonstrate the predictive 

efficiency of the DNN model for PM2.5, showcasing an R-squared (R2) value of 0.6637 and a 

Root Mean Squared Error (RMSE) value of 12.8610. The value predicted from the DNN model 

when compared to the results from the Environment Agency and BKK measurements within 

the same area, exhibits a 59.06% discrepancy. Additionally, the values obtained from the 

measurement of CAVI show a difference of 35.33% when compared to the predicted average 

value. The results indicate that the predicted values still exhibit low accuracy. Therefore, further 

efforts should concentrate on refining the model and structuring the dataset systematically for 

data training purposes. Experimentation with adjusting the model to accommodate time series 

data, such as using an LSTM model, should also be considered. 

Keywords: Air Pollution; Particulate Matter; PM2.5; Weather; Meteorological Factors 

1. Introduction

Thailand is currently facing the problem of air pollution, especially PM2.5 values, which

tend to increase, especially in the Bangkok Metropolitan Region. The PM2.5 problem has an 

impact on human's daily life. Whether it is a matter of daily life problems or even health 

problems. Factors affecting the distribution of PM2.5 aerosol are meteorological factors like 

wind speed, wind direction, temperature, and relative humidity. Normally, there are 3 methods 

for measuring PM2.5 in the ambient air such as mechanical method, optical method, and 

electrical method. However, the above methods will let you know only the PM2.5 value at that 

304



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

time but cannot know the amount of PM that will occur in the future. Therefore, predicting the 

density of PM2.5 particles that will occur in the future is important because it will help 

effectively deal with the air pollution problem. It also helps inform the public and the media 

about PM2.5 problems that will occur in the future on time. 

In predicting PM2.5 value, meteorological data can be used to analyze. The technique or 

method that is popularly used for analysis is called "Machine Learning" which is a technique 

that allows the computer system to learn things by itself from the data and environment received 

from the learning system. which can be classified into many different types of simulation 

models. In this research, we will use the Deep Neural Network (DNN) model, which is a model 

that adds a certain number of layers. Resulting in more variables used for feature extraction. To 

increase efficiency in analyzing and predicting results. The accuracy of the model is checked 

using the Root Mean Square (RMSE) and R square error (R2) values. 

The purpose of this study was to develop a DNN model that could predict PM2.5 values in 

urban areas, using the Bangkok area as a case study.  By referring to PM2.5 values and 

meteorological data from the following measurement stations: 1. Din Daeng Community 

Housing Station (Pollution Control Department) 2. Din Daeng District Station (Environment 

Department, BMA) and 3. Chatuchak District Station which is in front of Kasetsart University 

(Environment Department, BMA). Moreover, still measuring PM2.5 in the ambient air at 

Kasetsart University with the Cascade Virtual Impactor (CAVI). Then compare PM2.5 obtained 

by CAVI measuring with PM2.5 of the Environment Department, BMA, and PM2.5 values 

obtained from the prediction model, respectively. The values obtained from the measurements 

were more precise than those obtained from the prediction model. 

2. Methodology

Fig. 1 Workflow to creating the model for predicting PM2.5 
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First part, the Deep Neural Networks (DNN) model was created to predict the mass 

concentration of PM2.5 from meteorological factors in the Bangkok area. Staring collects the 

PM2.5 and meteorological factors from the air monitoring stations in Bangkok. Then, clean the 

data and follow up by creating the model. The second part, measuring the mass concentration 

of PM2.5 with the Cascade Virtual Impactor (CAVI) at Phahon Yothin Gate, Kasetsart 

University to test the accuracy of the model in predicting PM2.5 values. 

2.1 Data Collection 

PM2.5 and meteorological (temperature, relative humidity, wind speed, wind direction, 

pressure, and rainfall) measurement data were collected in hourly format from Din Daeng 

Community Housing Station, Pollution Control Department and Din Daeng District Station,  

Environment Department, BMA since July 1, 2022, to On June 30, 2023, for a total period of 1 

year. Besides, it also collects from Chatuchak District Station (Environment Department, BMA) 

in front of Kasetsart University from January 1, 2023, to June 30, 2023, a total period of 6 

months. After that, these raw data were data cleaned first, and some missing data were removed 

and data sets were selected to train the model. In addition, we measure the mass concentration 

of PM2.5 mass concentration by using the Cascade Virtual Impactor (CAVI) at Phahon Yothin 

Gate, Kasetsart University.  

2.2 DNN Model 

An artificial neural network system (Neural Network) to nest in many layers and to learn 

sample data. These data will be used to detect patterns or classify data. Generally speaking, 

artificial neural network methods can only learn a few layers to establish neural networks. Our 

brain can think and process complex things like the human brain. Hidden layers must have 

many layers to send information. This makes it possible to calculate more complex things 

because there is no training data or computer skills are not high enough. Recently, with the 

development of technology, computer efficiency has increased and network data layers have 

become easier. The more layers stacked, the more complex and in-depth the network becomes. 

Machine learning-based learning patterns typically do not automatically process raw data input. 

However, it requires some domain knowledge of handcrafted features.[10-12] 

To establish the DNN model, we used MATLAB 2003a software. Starting from the "Read 

Table" command to run PM2.5 data, and then divide it into training data and test data. Training 

data is parameter input data and testing data is parameter output data. Then, use the MATLAB 

deep learning toolbox, and adjust validation data, test data, and layer size to fit the training 

model. In the training model, such as the number of epochs, training algorithm, etc., use the 

training options command and execute the training model using functions. Training Network: 

Train the model using a dataset for predicting PM2.5. Use trained models to predict PM2.5. 

And investigate the prediction accuracy of the selected model.[10] 

2.3 PM measurement using CAVI 
Cascade Virtual Impactor or CAVI, collected the particles by using a gravimetric system or 

mechanical methods, relying on the principle of differences in air flow rates to separate particles 

according to their size and fall onto the filter. CAVI can separate particulate matter diameters 

smaller than 10, 2.5, and 1 micrometer as PM10, PM2.5, and PM1. The total flow rate is equal 

to 12.5 l/min. More detail about CAVI was described by Vejpongsa et al., 2017.[6] 
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CAVI measurement starts by preparing the filters before, the tissue quart membrane filters 

are put into a furnace at a temperature of 350 °C for 1 hour and put into a desiccator. After that, 

the aerosols in the ambient air were measured with CAVI at Phahon Yothin Gate, Kasetsart 

University for 24 hours, after which the filters were weighed with a 5-position scale. 

2.4 Validation Parameters 

In this study, the model was accurately evaluated using R-squared (R2) and root mean 

squared error (RMSE).  

2.4.1 R-Squared (R2) 

R-Squared (R2) is one of the most popular metrics used to measure performance or the

accuracy of the linear regression, machine learning model. R2 is the variance that the model can 

explain as a proportion from the total variance of the data set (The calculation formula is total 

variance equal to explained variance plus error). Normally, the value of R-Squared is between 

0 and 1. If the R2 value is closer to 1, it means that the model has high performance in predicting 

results.  

2.4.2 Root Mean Square Error (RMSE) 

The difference between the numerical value predicted by the model and the average 

actual value is compared by measuring the error, and then the quadratic curve is obtained. If 

the obtained RMSE value is low, the predicted value is close to the actual value. This means 

that the model has high prediction efficiency, and vice versa. A high RMSE means that the 

predicted value is very different from the actual value, indicating low model efficiency.  

3. Result and Discussion

3.1 Results of PM2.5 Prediction with DNN Model 

This research studies and compares the accuracy of Deep Neural Network (DNN) learning 

models to predict PM2.5 dust concentrations from meteorological factors. Using hourly data 

from Din Daeng Community Housing Station (Pollution Control Department) is data for a 

period of 1 year and data from Din Daeng District Station and Chatuchak District Station. 

(Environment Department, BMA ) for a period of 6 months. The results of the experiment were 

as follows: Using the Deep Neural Network (DNN) model to predict the concentration of PM2.5 

dust, it was found that if an orderly data set was used There is no missing data. It will make the 

model more accurate, with R = 0.71968, even when compared to data from the same station 

with a larger dataset (This is caused by a data set from the Din Daeng Community Housing 

Station. Pollution Control Department has a 1-year data set with missing data and unusual data, 

such as quite a lot of Nan, 0, and *). In addition, Normalizing Data and Preprocessing Data will 

make the model more accurate. 
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Table 3.1 Comparison of model accuracy when using three datasets 

The values used to measure the performance and accuracy of the Deep Neural Network 

(DNN) model that the model renders are the R2 value and the Root mean square value (RMSE). 

The R2 value is a measure of the model's error. If the value is close to 1, it means that the model 

is accurate and the Root mean square difference (RMSE) is a value that indicates the 

discrepancy between the prediction of the value obtained from the model with the actual value. 

If the MSE value is small means that the model is accurate. 

Table 3.2 Displays the Root mean square difference (RMSE) and R2 values before 

predictions  

Data 
Train Test 

RMSE R2 RMSE R2 

1. Din Daeng Community

Housing Station (Pollution

Control Department)

10.9659 0.7014 14.1886 0.4773 

2. Din Daeng District Station

(Environment Department,

BMA)

8.7780 0.8126 13.9028 0.5214 

3. Chatuchak District Station

(Environment Department,

BMA)

10.1491 0.8176 16.4475 0.4688 

Stations

Dindang Station (6 month) Chatuchak Station (6 month)

PM2.5 prediction

results without

cleaning the data

PM2.5 prediction

results with

cleaned data

Dindang Station (1 Year)
50 100 150 200 250 300 350

Target

50

100

150

200

250

300

350

O
u

tp
u

t 
~

=
 0

.2
5
*T

a
rg

e
t 

+
 2

5

Training: R=0.5061

Data

Fit

Y = T

50 100 150 200 250 300 350

Target

50

100

150

200

250

300

350

O
u

tp
u

t 
~

=
 0

.2
5
*T

a
rg

e
t 

+
 2

5

Validation: R=0.52094

Data

Fit

Y = T

50 100 150 200 250 300 350

Target

50

100

150

200

250

300

350

O
u

tp
u

t 
~

=
 0

.2
5
*T

a
rg

e
t 

+
 2

5

Test: R=0.50384

Data

Fit

Y = T

50 100 150 200 250 300 350

Target

50

100

150

200

250

300

350

O
u

tp
u

t 
~

=
 0

.2
5
*T

a
rg

e
t 

+
 2

5

All: R=0.50793

Data

Fit

Y = T

20 40 60 80 100 120

Target

20

40

60

80

100

120

O
u

tp
u

t 
~

=
 0

.4
2
*T

a
rg

e
t 

+
 1

8

Training: R=0.65123

Data

Fit

Y = T

20 40 60 80

Target

10

20

30

40

50

60

70

80

90

O
u

tp
u

t 
~

=
 0

.4
3
*T

a
rg

e
t 

+
 1

8

Validation: R=0.64778

Data

Fit

Y = T

20 40 60 80

Target

10

20

30

40

50

60

70

80

90

O
u

tp
u

t 
~

=
 0

.3
8
*T

a
rg

e
t 

+
 1

9

Test: R=0.57116

Data

Fit

Y = T

20 40 60 80 100 120

Target

20

40

60

80

100

120

O
u

tp
u

t 
~

=
 0

.4
2
*T

a
rg

e
t 

+
 1

8

All: R=0.64737

Data

Fit

Y = T

-50 0 50 100 150

Target

-50

0

50

100

150

O
u

tp
u

t 
~

=
 0

.6
9
*T

a
rg

e
t 

+
 1

1

Training: R=0.84617

Data

Fit

Y = T

-50 0 50 100 150

Target

-50

0

50

100

150

O
u

tp
u

t 
~

=
 0

.4
7
*T

a
rg

e
t 

+
 1

8

Validation: R=0.47158

Data

Fit

Y = T

-50 0 50 100 150

Target

-50

0

50

100

150

O
u

tp
u

t 
~

=
 0

.5
4
*T

a
rg

e
t 

+
 1

5

Test: R=0.51022

Data

Fit

Y = T

-50 0 50 100 150

Target

-50

0

50

100

150

O
u

tp
u

t 
~

=
 0

.6
4
*T

a
rg

e
t 

+
 1

2

All: R=0.71988

Data

Fit

Y = T

0 200 400 600 800

Target

0

100

200

300

400

500

600

700

800

O
u

tp
u

t 
~

=
 0

.0
4
2

*T
a
rg

e
t

+
 3

9

Training: R=0.21518

Data

Fit

Y = T

0 200 400 600 800

Target

0

100

200

300

400

500

600

700

800

O
u

tp
u

t 
~

=
 0

.0
1
4

*T
a
rg

e
t 

+
 4

1

Validation: R=0.10245

Data

Fit

Y = T

0 200 400 600 800

Target

0

100

200

300

400

500

600

700

800

O
u

tp
u

t 
~

=
 0

.0
4
6

*T
a
rg

e
t

+
 4

0

Test: R=0.1665

Data

Fit

Y = T

0 200 400 600 800

Target

0

100

200

300

400

500

600

700

800

O
u

tp
u

t 
~

=
 0

.0
3
4

*T
a
rg

e
t 

+
 4

0

All: R=0.18402

Data

Fit

Y = T

 

308



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

3.2 Comparison results of the DNN Model with the Cascade Virtual Impactor 

The comparison of PM2.5 was measured by Cascade Virtual Impactor (CAVI) with 

PM2.5 which was obtained from the monitoring station of the Environment Department, 

BMA, and PM2.5 predicting from DNN models with the same areas. By placing measuring 

devices around Phahol Yothin Gate, Kasetsart University. The distance of installation of the 

CAVI from the Environment Department's monitoring station is about 102.41 meters. The 

measurement will be carried out 2 times as shown in Table 3.3 

Fig. 2 Distance between the installation point of the CAVI and the Environment

Department, BMA measuring device. 

Table 3.3 The mass concentration of PM2.5 obtained from measurements and predictions 

from models. 

Round 

Mass concentration of PM2.5 (𝜇𝑔/𝑚3)

Measured by CAVI 

Measured by the 

Environment Department, 

BMA 

Prediction by DNN 

1 19.32079 15 22.4138 

2 22.63293 16 26.8976 

From Table 3.3, it can be seen that the PM2.5 values measured by the CAVI are closer to 

the PM2.5 measured by the Environment Department, BMA than the values predicted by the 

model. Because the model obtained is not yet suitable for predicting the mass concentration of 

PM2.5. 
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4. Conclusion

This study created a deep neural network (DNN) for predicting PM2.5 based on

meteorological factors. The model values with the most ordered data or the fewest 

abnormalities in the data were discovered. The model with the highest accuracy has a R-value 

of 0.7199. Through the model research permits researchers to comprehend preprocessing, data 

normalization, and data cleaning. The forecast of PM2.5 concentration will be more accurate if 

data from earlier periods are used in the model. When the cleaning data exists, the RMSE value 

will decrease compared to the previous value. This time, the RMSE value of the training data 

is 8.778. In addition, as compared to the PM2.5 values received from measurements collected 

by the Environment Agency in the same location with the PM2.5 predicted by the DNN model, 

it was discovered that the results obtained from measuring PM2.5 with the CAVI machine 

proved more accurate. 
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Abstract 

Iron oxide is widely used in a variety of applications, such as catalysts, contrast agents, 
medicine delivery, and crack-detecting spray, because it comes in several forms. For application 
in crack-detecting spray, iron oxide having a high saturation magnetization (Ms) and a low 
magnetic retentivity (Mr) is required. There are two common phases of iron oxide: magnetite 
(Fe3O4) and maghemite (Fe2O3), each of which has specific characteristics. Moreover, the 
magnetic properties and particle size of iron oxide can be modified by using different iron 
precursors and synthesis conditions. Thus, the influences of the Fe2+/Fe3+ precursor ratio and 
rotating speed on the phase, particle size, and magnetic characteristics of iron oxide were 
investigated in this work. Mixtures of Fe2+/Fe3+ in the ratios of 1:1, 1:2, and 2:1 were used as a 
precursor. The precursor solution was precipitated in NH4OH at 80 °C with rotating speeds of 
300 and 3,000 rpm. When the amount of Fe2+ precursor was increased, the iron oxide particle 
size reduced while the Ms and Mr increased. At a rotating speed of 300 rpm, the Fe2+/Fe3+ 
precursor ratio of 2:1 produced the iron oxide with the highest Ms and Mr of 80.90 emu/g and 
6.40 emu/g, respectively. Using a high shear reactor to increase the rotating speed to 3,000 rpm 
can reduce particle size and increase the Ms to 91.85 emu/g, which is closer to the MS of iron 
oxide particles in commercial grade crack-detecting spray. 

Keywords: Iron oxide; magnetic particle; magnetization; particle size. 

1. Introduction

Crack detection sprays play a crucial role in the widely employed nondestructive testing
(NDT) method known as magnetic particle testing. This testing method comprises two main 
parts: a device for generating a magnetic field and detection reagents containing solvent 
chemicals facilitating the movement of magnetic substances, along with magnetic powder
(Zolfaghari et al., 2018). Pure iron particles are utilized for magnetic particle testing. To meet 
industry standards and specifications for NDT, magnetic particle inspection powders should 
exhibit a clearly visible color and maintain consistent sizes. In particle testing, iron particles 
with sizes ranging from 0.1 to 75 μm are preferred. Spherical particles are favored for their 
suitability, as they can effectively distribute magnetism in all directions, resulting in improved 
efficiency compared to particles of other shapes. Additionally, the magnetic properties of these 
particles must be robust enough to promptly respond to magnetic field leakage sources at the 
surface of the workpiece.
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Iron oxide is a chemical compound composed of iron and oxygen, exhibiting various phase 
forms, including wüstite (FeO), magnetite (Fe3O4) classified as iron (II) oxide, and alpha phase 
hematite (α-Fe2O3), beta phase (β- Fe2O3), gamma phase maghemite (γ- Fe2O3), epsilon phase 
(ε- Fe2O3) classified as iron (III) oxide. Widely employed across various applications, iron 
oxide finds use in catalysts (Stevens et al., 2005), contrast agents (Patel et al., 2008), drug 
delivery systems (Alexiou et al., 2006), and crack detection sprays (Luk et al., n.d.), owing to 
its versatile forms. Notably, magnetite and maghemite are commonly utilized forms.

Iron oxide can be synthesized through various methods, such as co-precipitation (Karaagac 
et al., 2012), emulsion method (Tomitaka et al., 2014), hydrothermal method (Ahmad et al., 
2015), sol-gel method (Rahman et al., 2019), microwave irradiation (Parsons et al., 2009), 
polyol method (Changming et al., 2011), and aerosol method (Cabañas et al., 1993). The most 
common technique to produce iron oxide is coprecipitation because of its simplicity, high yield 
performance and high crystallization. The Fe2+/Fe3+ ratio has a major effect on the properties 
of iron oxide in a typical coprecipitation reaction. Utilizing iron (III) chloride hexahydrate and 
iron (II) chloride tetrahydrate, (Karaagac et al., 2012) discovered that a larger ratio resulted in 
higher saturation magnetization (Ms). When the ratio of Fe2+ to Fe3+ was less than 2/1, the 
magnetic particle exhibited superparamagnetic behavior with zero coercivity (Hc) and zero 
remanence (Mr). Moreover, the kind of precipitate solutions and iron precursors have an effect 
on particle morphology and size as well (Fatima et al., 2018). The effects of different iron 
precursors, capping agents, and capping agent concentrations on the forms of Fe3O4 were 
investigated. The spherical magnetic nanoparticle appears to be produced by the iron precursor 
iron (III) chloride hexahydrate and ammonium acetate, with a particle size of around 216 nm. 
Using KOH, magnetic nanoparticles produced octahedron and cubic forms, with particle sizes 
ranging from 4.9 μm to 158 nm. The types of alkaline solutions employed to precipitate iron 
oxide particles influenced the development of magnetic particles. Two types of alkaline 
solutions were compared: NH4OH and NaOH. When NH4OH was used, the magnetic particles 
were more homogeneous and simpler to separate than when NaOH was used, because the 
particles were less pure due to their varied sizes. NH4OH also formed magnetic particles with 
improved magnetic characteristics. Furthermore, synthesis parameters such as temperature, pH, 
and mixing velocity impacted the purity, size distribution, and shape of the magnetic particles. 
The solid crystallization reaction required a well-distributed alkaline solution with strong 
mixing power, resulting in a narrower size distribution and smaller particles. The effects of 
stirring velocity at 10,000, 18,000, and 25,000 rpm on the particle size of magnetic 
nanoparticles produced by the coprecipitation technique were investigated (Valenzuela et al., 
2009). When magnetite nanoparticles were manufactured at a velocity of 25,000 rpm, non-
magnetic magnetite was formed with hematite and goethite. On the other hand, with varied 
stirring velocities of 10,000 rpm, the magnetite phase can emerge in the absence of another 
secondary phase. Magnetic stirring and homogenization at 10,000 rpm generated spherical or 
ellipsoidal magnetite nanoparticles. 

In order to determine the appropriate conditions for the synthesis of magnetic particles for 
crack-detecting sprays, this study evaluated the effects of the Fe2+/Fe3+ precursor ratio and 
rotation speed on the phase, particle size, and magnetic properties of iron oxide as a precursor, 
Fe2+/Fe3+ mixtures with ratios of 1:1, 1:2, and 2:1 were employed. The precipitation was carried 
out in basic conditions, with NH4OH at 80 °C and rotational speeds of 300 and 3,000 rpm.
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2. Methodology

2.1 Chemicals  
All the chemicals were commercially available and of analytical grade. Specifically, 

iron (II) chloride tetrahydrate (FeCl2•4H2O), was procured from Sigma-Aldrich, while iron (III) 
chloride hexahydrate (FeCl3•6H2O), was obtained from Daejung. Additionally, ammonia 30% 
was purchased from Panreac Applichem.  

2.2 Synthesis of iron oxide 
The synthesis of iron oxide involved combining FeCl2•4H2O and FeCl3•6H2O in molar 

ratios of Fe2+ to Fe3+ at 1:1, 1:2, and 2:1. The precursors were dissolved in 100 ml of deionized 
water at 80 °C and stirred for 10 minutes. Subsequently, the precursor solution was subjected 
to precipitation in NH4OH using either a mechanical stirrer reactor at rotating speeds of 300 
rpm or a homogenizer at rotating speeds of 3,000 rpm for 30 minutes at 80 °C. Following this, 
the resulting black solid was separated, washed with deionized water, and then dried at 80 °C 
for 12 hours. The agglomerated product underwent grinding. 

2.3 Characterization of iron oxide prepared 
We used the Scanning electron microscopy (SEM) to measure the morphology and surface 

characteristics of the iron oxide with a Hitachi S-3400 at STREC, Chulalongkorn University, 
Thailand. X-ray diffraction (XRD) patterns were scanned within the 2θ range of 20ᴼ-80ᴼ to 
confirm the phase of the iron oxide with a Bruker D8 Discover at STREC, Chulalongkorn 
University, Thailand. The magnetic properties of the magnetic particles including 
magnetization and retentivity were investigated using a Vibrating Sample Magnetometer 
(VSM), with data collected at room temperature under a magnetic field strength of 10,000 
Gauss, utilizing 100 points per loop with a 7403 Lake Shore at the Faculty of Science, Khon 
Kaen University, Thailand. Particle size and zeta potential were analyzed using a Particle Size 
Analyzer Model Master 3000, employing the Dynamic Light Scattering Method Model 
ZetaSizer Nano ZS at TUCSEAR, Thammasat University, Thailand. 

3. Result and discussion

3.1 Morphology of iron oxides 
Iron oxide was prepared in this study using various iron precursors and synthesis 

conditions. The iron precursors included iron (II) chloride tetrahydrate and iron (III) chloride 
hexahydrate, mixed in Fe2+/Fe3+ ratios of 1:1, 1:2, and 2:1 using a rotating speed of 300 rpm. 
Morphological analysis conducted via SEM, as depicted in Fig. 1A)-1C), revealed that iron 
oxide particles predominantly exhibited irregular shapes with rough surfaces across all 
Fe2+/Fe3+ ratios. The Fe2+/Fe3+ ratios did not exert a significant impact on the morphology of 
iron oxide. Additionally, employing a homogenizer at a rotating speed of 3000 rpm yielded 
more uniformly spherical shapes and consistent particle sizes (Fig. 1D) compared to iron oxide 
synthesized using a mechanical stirrer with a lower rotating speed. This improvement can be 
attributed to the homogenizer's ability to create a uniform and homogeneous mixture by 
inducing turbulence and cavitation through high pressure in a confined space. Consequently, 
this process ensures the even distribution of solution contents, resulting in more uniform 
particle sizes. Therefore, it can be suggested that utilizing a homogenizer with a high rotating 
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speed has the potential to produce iron oxide particles with more spherical and uniform 
characteristics. 

Fig. 1 SEM images of iron oxide particles prepared by Fe2+/Fe3+ ratio of; A) 1:1, B) 1:2, 
C) 2:1 and D) 2:1 with 3000 rpm.

3.2 Crystallinity of iron oxides 
X-ray diffraction analysis was employed to assess the crystallinity of the prepared iron

oxide. The samples were scanned within the 2θ range of 20° to 80°, and the resulting diffraction 
peaks are presented in Fig. 2. Iron oxide synthesized with Fe2+/Fe3+ ratios of 2:1 exhibited peaks 
corresponding to the Fe3O4 magnetite phase, as indicated by the standard peaks from the 
International Center for Diffraction Data (ICDD) at 30.28°, 35.67°, 43.36°, 57.36°, and 62.99°. 
These peaks align with the (220), (311), (400), (511), and (440) crystal planes of Fe3O4 (Fadli 
et al., 2019),(Fatima et al., 2018). There were no impurities or secondary phase peaks detected 
in the iron oxide prepared from the Fe2+/Fe3+ ratios of 2:1. Furthermore, an increase in the Fe2+ 
content was observed to enhance the crystallinity of the iron oxide. 

C) D) 

A) B) 
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Fig. 2 XRD patterns of iron oxide particles. 

3.3 Magnetization of iron oxides 
In Fig. 3, the magnetization versus magnetic field graphs for all iron oxides are 

illustrated, revealing hysteresis loops characteristic of a superparamagnetic nature. The 
Fe2+/Fe3+ ratio of 1:1 and 1:2 demonstrated lower saturation magnetization compared to the 
significant threefold increase observed with the ratio of 2:1. Saturation points were measured 
at 21.30 and 30.90 emu/g for ratios of 1:1 and 1:2, respectively, while the Fe2+/Fe3+ ratio of 2:1 
displayed a remarkable increase in saturation magnetization, reaching 80.90 emu/g. It is worth 
noting that the use of a homogenizer resulted in the highest magnetization and remanence. Iron 
oxide with smaller particle sizes exhibited higher magnetization, albeit with slightly elevated 
zero remanence. 

3.4 Particle size and zeta potential of iron oxides 
The particle size of iron oxide, prepared with Fe2+/Fe3+ ratios of 1:2, 1:1, and 2:1, was 

determined using a Particle Size Analyzer as presented in Table 1, yielding sizes of 104 μm, 
76.30 μm, and 65.60 μm, respectively. These results underscore the significant influence of the 
Fe2+/Fe3+ ratio on particle size. Notably, an increase in the Fe2+ content led to a reduction in the 
particle size of iron oxide. Furthermore, employing a homogenizer at 3000 rpm resulted in the 
production of iron oxide with the smallest particle size measured at 46.6 μm. This reduction 
can be attributed to the homogenizer's ability to create a uniform and homogeneous mixture by 
inducing turbulence and cavitation, thereby yielding more uniform and smaller particle sizes. 
In terms of applications, magnetic powders used for crack detection sprays typically require 
particle sizes ranging between 10-75 μm. The particle size results obtained in this study align 
reasonably well with these requirements. 
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Dynamic Light Scattering was used to measure the zeta potential of iron oxides, a 
crucial parameter in the formulation of crack detection sprays. Zeta potential characterizes the 
surface electrical charge of particles in a solution. It is influenced by various factors, including 
pH and the presence of multivalent cations such as Fe2+ and Fe3+. The zeta potential of 
magnetite tends to be positive in acidic solutions and becomes increasingly negative as pH rises 
(Sun et al., 1998). This polarity variation in zeta potential suggests the presence of repulsive 
forces between nanoparticles, hindering their aggregation. The zeta potentials of all iron oxides 
shown in Table 1 exhibit positive zeta potential values, indicating high stability in solution. The 
direct adsorption of Fe2+ onto the magnetite surface contributes to positive zeta potential values 
in acidic environments. Altering the Fe2+/Fe3+ ratio and changing mixing speed did not produce 
any notable impact on the zeta potential, which consistently maintained a positive values. A 
zero zeta potential denotes a lack of electrostatic repulsion among nanoparticles, potentially 
leading to increased aggregation and reduced stability (Sun et al., 1998). The upward shift of 
the zeta potential away from zero further reinforces the stability of nanoparticles, confirming 
their efficacy in crack detection applications. 

Fig. 3 VSM profile of iron oxides prepared from Fe2+/Fe3+ ratios of; A) 1:1, B) 1:2, C)  2:1, 
and D) 2:1 with 3000 rpm. 

A) B) 

C) D) 
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Table 1. Particle size, zeta potential, and magnetization properties of iron oxides. 

Precursor 
ratio 

Rotating 
speed (rpm) 

Particle size 
(μm) 

Zeta potential 
(mV) 

Ms 
(emu/g) 

Mr 
(emu/g) 

1:1 300 76.30 34.20 21.30 0.30 

1:2 300 104.00 32.70 30.90 0.20 

2:1 300 65.60 35.00 80.90 6.40 

2:1 3000 46.60 37.00 91.83 8.21 

4. Conclusion

Iron oxides were synthesized utilizing varying Fe2 +/ Fe3 + ratios, employing both 
mechanical stirring at a rotational speed of 300 rpm and a homogenizer at 3000 rpm. The 
synthesized iron oxides were subjected to comprehensive analysis to evaluate their 
morphology, crystallinity, particle size, and magnetic characteristics. It was observed that the 
manipulation of the Fe2+/Fe3+ ratio significantly influenced the crystallinity, particle size, and 
magnetic properties of the iron oxide, while the morphology remained unaffected. An increase 
in the Fe2+ content led to the production of iron oxide with enhanced crystallinity and 
magnetization, accompanied by a reduction in particle size. Furthermore, the utilization of a 
homogenizer facilitated the creation of a uniform and homogeneous mixture, resulting in iron 
oxide with a more spherical morphology, smaller particle size, and higher magnetization 
compared to samples synthesized using mechanical stirring. 
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Abstract 

The dry reforming of the CH4 reaction can transform CH4 and CO2 into hydrogen (H2) and 

carbon monoxide (CO), aiming to reduce greenhouse gas emissions in chemical industries and 

others. The mixture of H2 and CO, called synthesis gas, is known to be used in methanol 

production and the Fischer-Tropsch process to generate hydrocarbon fuels. The challenges in 

dry reforming of CH4 include coke formation on the catalyst surface and low H2 selectivity. It 

was previously reported that doping a small amount of Fe in LaNiO3 perovskites structure can 

enhance a metal-support interaction that aids in the dispersion of active sites, inhibiting 

sintering, and improving catalytic stability, activity, and carbon resistance in the dry reforming 

of CH4.  Different catalysts possess various chemical and physical characteristics that can 

modify their performance and influence the activity of various processes.[1, 2] The 

LaNi0.5Fe0.5O3 perovskite was synthesized using the hydrothermal and sol-gel methods. Both 

prepared catalysts will be characterized using Brunauer-Emmett-Teller (BET) and scanning 

electron microscopy (SEM) to examine morphology, as well as x-ray diffraction (XRD) to 

analyze crystal structure, phase formation, surface area, and morphology.  

Keywords: Coke formation; sol-gel; hydrothermal; Dry reforming of methane; LaNiFeO3; 

Perovskite catalysts 

1. Introduction

Global warming has become an increasingly serious problem due to the emission of 

greenhouse gases by numerous industrial sectors worldwide. There has been a rise in 

greenhouse gas emissions from various industrial sectors in Thailand. Notably, the chemical 

industry has recognized the escalating challenges and has initiated research to reduce the 

production of greenhouse gases through chemical reactions, including partial oxidation, steam 

reforming, and dry reforming of methane. Methane serves as a primary precursor in these 
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chemical reactions, which aim to lower the generation of greenhouse gases. Substances such as 

methane, carbon dioxide, and carbon monoxide are involved in chemical processes.[3-5] 

Carbon monoxide (CO) and hydrogen are generated through the dry reforming of 

methane, which converts methane and carbon dioxide into synthesis gas. Serving as a precursor 

for various chemical processes, synthesis gas enables the synthesis of a diverse range of 

chemical compounds. Subsequent chemical reactions can lead to the production of various 

products, including methanol, ethanol, fuels, and hydrocarbons.[6-8]  

Ni-based catalysts are commonly employed in methane dry reforming (DRM) 

processes. However, these catalysts can lead to challenges such as coke production and metal 

sintering at elevated temperatures during DRM processes. To address these issues, the 

perovskite structure is employed as the foundational framework for synthesizing Ni-based 

catalysts in a bimetallic configuration. The strategic choice of the perovskite structure stems 

from its potential as a highly promising activity precursor for DRM processes. Additionally, 

this approach enhances the catalyst's resistance to coking by modifying either the A or B 

components of the ABO3 perovskite structure, thereby optimizing performance in DRM 

processes. [3, 7, 9]

The objective of this work is to examine the chemical and physical properties of 

LaNiFeO3 catalysts to compare the sol-gel and hydrothermal processes and ascertain the

attributes of the catalysts' surface area, XRD, and elemental distribution. that it is appropriate 

for methane dry reforming.

2. Material and Synthesis Method

Materials used in this study are Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), 

Lanthanum nitrate hexahydrate(La(NO3)3·6H2O), Iron(III) nitrate 

nonahydrate(Fe(NO3)3·9H2O), Citric acid monohydrate (C6H8O7·H2O), Ethanol Absolute 

99.9%( C2H6O), Ammonia solution 25%( NH4OH), Glycine(C2H5NO2) 

2.1. Synthesized LaNi(1-x)FexO3 by hydrothermal method 

Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), Lanthanum nitrate hexahydrate 

99%(La(NO3)3·6H2O), and glycine the iron (III) nitrate hexahydrate (Fe(NO3)3·9H2O)  were 

dissolved in 150 ml of deionized water. The glycine was added to the mixture solution to stir 

for 30 min at room temperature. Ammonia solution (NH4OH) was to adjust pH = 7.7, the 

solution was transferred into Teflon-lined with 150 ml capacity. The Teflon liner was closed in 

the stainless-steel autoclave and kept at 180 OC for 24 hours. The product was washed with 

deionized water and ethanol several times until the solution was clear. the catalyst was dried at 

110 OC for 12 h and calcined at 550 OC for 2 h and 850 OC for 4 h to obtain the LaNi0.5Fe0.5O3 

catalyst.  
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2.2. Synthesized LaNi(1-x)FexO3 by sol-gel method 

Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), Lanthanum nitrate hexahydrate 99%( 

La(NO3)3·6H2O), iron (III) nitrate hexahydrate (Fe(NO3)3·9H2O) were dissolved together in 

200 mL of deionized water. Then citric acid (CA) and ethylene diamine tetraacetic acid (EDTA) 

were added into the above solution with a molar ratio of metal ion: CA: EDTA = 1: 1: 1.5. 

Aqueous ammonia was dropped slowly into the mixture solution until pH = 4.0-5.0 with 

vigorous stirring. The mixture was maintained at 80 OC until complete evaporation of water 

and formation of transparent gel, followed by drying at 100 OC for 12 h. The obtained xerogel 

was calcined in a two-step process. In the first step, the precursor was combusted at 300 C for 

4 h in air to eliminate the organic constituents. Afterward, the temperature further rose to 550 

C for 2 h and 850 C for 4 h forming a LaNi0.5Fe0.5O3 catalyst. [10] 

2.3. Characterization 

BET was measured surface area, pore volume, and pore size.  FE-SEM-EDS was used 

to measure the morphology and disperse of elements in catalysts. X-ray diffractometer was used 

to measure the structure phase of catalysts by using the 2θ = (20-80o) range at 298 K with CuK

α radiation source. 

3. Results and discussion

Fig 1. X-ray diffractometer (XRD) of  LaNi0.5Fe0.5O3 the sol-gel method and hydrothermal 

method  
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Fig 1. shows X-ray diffractometer (XRD) of LaNi0.5Fe0.5O3 is between the sol-gel 

method and hydrothermal method. The LaNi0.5Fe0.5O3 catalyst was synthesized by the sol-gel 

method, exhibiting an Hexagonal phase with 2θ angles at 22.9°, 32.4°, 32.8°, 40.0°, 46.8°, 

58.1°, 67.9°, 68.8°, 77.4°, and 78.1°. [10]  However, LaNi3, LaNi2, and La2O3 are also observed 

among the impurities present in this sample at 2θ angles at 30.1o, 34.3 o, and 35.2 o.   The 

LaNi0.5Fe0.5O3 catalyst was synthesized by the hydrothermal method, exhibiting an Cubic phase 

with 2θ angles at 22.9°, 32.6°, 40.2°, 46.7°, 58.1°, 68.3°, and 77.7°. In addition, La2O3 is also 

observed among the impurities present in this sample at 2θ angles at 26.2o, and 30.1o.  

Fig 2. SEM images of LaNi0.5Fe0.5O3; (A) LaNi0.5Fe0.5O3-sol-gel, and (B) 

LaNi0.5Fe0.5O3-hydrothermal at 50,000X 

Fig 2. shows morphology and shape of catalysts. Different shapes are produced by 

different synthesis methods.  Cubic shape, polygonal shape, and high-forming agglomerations 

are observed in the The LaNi0.5Fe0.5O3-sol-gel. Furthermore, granular shape and high-forming 

agglomerations are displayed by LaNi0.5Fe0.5O3-hydrothermal. [11-13]  

A     B      
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Fig 3. FESEM image (A) and EDS mapping mapping (B-F) of LaNi0.5Fe0.5O3-sol-gel 

Fig 3. shows the distribution of elements in the LaNi0.5Fe0.5O3-sol-gel catalyst. 

Elementals consist of 59%lanthanum (La), 12.6%Nickel (Ni), 11.1%iron (Fe), 16.4%oxygen 

(O2), and 0.9% other, which distributed the surface area of LaNi0.5Fe0.5O3- sol-gel catalyst.[11] 

Fig 4. FESEM image (A) and EDS mapping mapping (B-F) of LaNi0.5Fe0.5O3-

hydrothermal  
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Fig 4. shows the distribution of elements in the LaNi0.5Fe0.5O3-hydrothermal catalyst. 

Elementals consist of 60.1%lanthanum (La), 3.6%Nickel (Ni), 24.6%Iron (Fe), 11.1%Oxygen 

(O2), and 0.6% other what distributed the surface area of LaNi0.5Fe0.5O3-hydrothermal 

catalyst.[11] 

 Table 1. surface area of LaNi0.5Fe0.5O3 catalysts. 

Table 1. compared surface area of the synthesized catalysts between The LaNi0.5Fe0.5O3 

-Sol-gel and LaNi0.5Fe0.5O3 -Hydrothermal. The LaNi0.5Fe0.5O3 -Sol-gel has a surface area, Pore

volume less than The LaNi0.5Fe0.5O3 -Hydrothermal.[10] The decrease in the catalysts' surface

area is a consequence of oxygen replacing the large surface area of the catalysts due to their

high oxygen content.

The synthesized catalysts were preliminarily tested in methane dry reforming. However, 

the reaction does not take place since the prepared catalyst cannot be reduced to the form of Ni-

Fe metal. The reduced catalysts were analyzed by XRD to investigate crystalline phases. 

Fig 5 X-ray diffractometer (XRD) of LaNi0.5Fe0.5O3 the sol-gel method and 

hydrothermal method after reduction in the atmosphere of H2/N2 = 1:1, T = 700 oC for 1 hour. 

samples Surface Area (m2/g) Pore volume(cm2/g) Pore size (AO) 

LaNi0.5Fe0.5O3 -Sol-gel 0.2138 0.001092 204.2269 

LaNi0.5Fe0.5O3 -

Hydrothermal 
6.0152 0.016829 111.9107 
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Fig 5. shows X-ray diffractometer (XRD) of LaNi0.5Fe0.5O3 is between the sol-gel 

method and hydrothermal method after reduction in the atmosphere. The LaNi0.5Fe0.5O3 catalyst 

was synthesized by the sol-gel method, exhibiting an orthorhombic phase with 2θ angles at 

22.8°, 32.48°, 39.9°, 40.1°, 43.4°, 46.6°, 58°, and 68°. However, LaNi3 and La2O3 are also 

observed among the impurities present in this sample at 2θ angles at 22.3o, 26.2o, 27.4o, 29.2o, 

33.7o, 35.2 o, 46.3o, and 78.8o. The LaNi0.5Fe0.5O3 catalyst was synthesized by the hydrothermal 

method, exhibiting an orthorhombic phase with 2θ angles at 22.8°, 32.48°, 40.1°, 46.6°, 58°, 

and 68° In addition, La2O3 is also observed among the impurities present in this sample at 2θ 

angles at 29.2o, and 78.8o. According to studies by Yongjin Luo et al. and Yuta Morishima et 

al., the rhombohedral phase was observed after the reduction.[10, 14] 

Conclusion 

LaNi0.5Fe0.5O3-hydrothermal can perform activities for dry reforming of methane more 

than LaNi0.5Fe0.5O3-Sol-gel due LaNi0.5Fe0.5O3-Hydrothermal having a larger surface area and 

porous volume than LaNi0.5Fe0.5O3-sol-gel. The decrease in the catalysts' surface area is a 

consequence of oxygen replacing the large surface area of the catalysts due to their high oxygen 

content. The synthesized catalysts were preliminarily tested in methane dry reforming. 

However, the reaction does not take place since the prepared catalyst cannot be reduced to the 

form of Ni-Fe metal. The reduced catalysts were analyzed by XRD to investigate crystalline 

phases 
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Abstract 

Human embryonic kidney 293 (HEX 293) cells are widely used as cell factories for production 
of recombinant therapeutic proteins because of their stable growth and high protein production 
on large scale. At present, various commercial culture media are available for HEX 293, yet 
there is no report on comparative cell growth performance among these media. In this work, 
we compared the growth of HEK293.2sus cells cultured in BalanCD HEK293, CDM4HEK293, 
CD293, FreeStyle 293, and 293 SFM II in shake flasks. First, 3x105 cells/mL of HEX 293.2sus 
cells were seeded into 20 mL of each culture medium supplemented with 4mM L-glutamine 
and 0.01 %v/v anti-clumping in a 125-mL Erlenmeyer flask, and cultured at 37 °C, 5% CO2, 
100 rpm for 9 days. The cultures were sampled every day over the culture period for analysis 
of viable cell density, specific growth rate and %viability. The results revealed that 
CDM4HEK293 was the best media for HEK293.2sus growth, providing the max cell density, 
the %viability at max cell density, and the specific growth rate around 5.62´106 cells/mL, 
88.73%, and 0.44 day-1, respectively.  

Keywords: cell culture, HEK293.2sus, biopharmaceuticals 

1. Introduction

Biopharmaceuticals, encompassing therapeutic substances derived from an array of
biological sources, including organs, tissues, mammalian cells, insect cells, yeast, and bacteria, 
undergo intricate development through biological processes. The predominant choice for the 
production of most biopharmaceuticals on the market revolves around mammalian cell lines. 
This preference is rooted in the remarkable capacity of mammalian cells to express proteins 
endowed with complex post-transcriptional modifications (PTMs), a critical factor influencing 
the properties and stability of proteins, especially on a large scale [1]. Within the realm of 
mammalian cell lines, the human embryonic kidney (HEK293) cell line stands out in 
biopharmaceutical research. Its frequent utilization is attributed to its inherent versatility and 
the presence of numerous derivative cell lines renowned for their stability and ability to express 
proteins at high levels [2]. The prominence of HEK293 and its derivatives underscores their 
pivotal role as reliable platforms for the production of intricate therapeutic proteins, positioning 
them as invaluable assets in the quest for advanced biomedical solutions. 

In the domain of biological processes, the significance of expanding the number of cells 
becomes evident as it directly influences the quantity of substances or products generated. A 
focal point in this endeavor is the exploration of cell culture media, a pivotal factor in 
maximizing cell growth and product formation [1]. The selection of appropriate media in cell 
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culture is contingent upon the specific nutritional requirements of different cell types, 
underscoring the highly specialized nature of this aspect. Consequently, understanding the 
impact of different media on the growth of cells is imperative for optimizing conditions tailored 
to specific cell types. 

In line with this, our research endeavors sought to cultivate HEK293.2sus cells, a derivative 
of the well-established HEK293, in five distinct commercially available media within shake 
flasks. The evaluation encompassed a comprehensive analysis of cellular performance 
parameters, including viable cell density, specific growth rate, and the percentage of cell 
viability. This examination aimed to provide insights into the optimal conditions for robust 
growth and productivity of HEK293.2sus cells. 

2. Materials and Methods

Materials 

The cell line under investigation in this study was HEK293.2sus (ATCC, CRL-1573.3), a 
commonly employed human embryonic kidney cell line. To explore the optimal conditions for 
its cultivation, a range of culture media and supplements were meticulously examined. The 
diverse media evaluated included BalanCD HEK293 (Fujifilm, Catalog No: 94137), 
CDM4HEK293 (Cytiva, Catalog No: SH30858.02), CD293 (Gibco, Catalog No: 11913-019), 
293 SFM II (Gibco, Catalog No: 11686-029), and FreeStyle 293 (Gibco, Catalog No: 12338-
018). Nutritional supplements included anti-Clumping (Gibco, Catalog No: 0010057AE) and 
L-glutamine (Gibco, Catalog No: 25030081). Trypan blue was employed for cell viability
assessment.

Methods 

Seed preparation 

To initiate the experimentation, a working cell bank vial of HEK293.2sus was thawed, and 
a cell density of 3´105 cells/mL was carefully inoculated into 20 mL volumes of each culture 
medium. These media were supplemented with 4 mM L-glutamine and 0.01% v/v anti-
clumping agent in 125 mL Erlenmeyer flasks. Cultures were maintained under controlled 
conditions at 100 rpm, 37°C, and 5% CO2. Sub-cultures were performed at regular intervals, 
every 3-4 days, over a span of three passages to ensure the establishment of stable and 
reproducible cell lines. 

Shake flask cultures 

HEK293.2sus cells, having undergone the aforementioned seed preparation, were further 
seeded into 20 mL volumes of each culture medium. Again, the media were enriched with 4 
mM L-glutamine and 0.01% v/v anti-clumping agent, and the cells were cultured in 125 mL 
Erlenmeyer flasks. This phase of the experiment extended over a period of 9 days, and all 
cultures were maintained under conditions of 100 rpm, 37°C, and 5% CO2. In order to ensure 
the robustness and reliability of the results, duplicate experiments were conducted. 
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Culture analysis 

A comprehensive daily sampling regimen was implemented for the subsequent analysis of 
critical parameters, including cell density, specific growth rate, and percent viability. The 
quantification of viable and non-viable cells was achieved through the application of the trypan 
blue exclusion method coupled with the use of a hemocytometer. The determination of viable 
cell density, percentage viability, and the specific growth rate during the exponential phase was 
then conducted. This analysis aimed to provide a thorough understanding of the dynamic 
interplay between HEK293.2sus cells and the diverse culture media and supplements under 
scrutiny. The experimental design was structured to yield detailed insights into the complexity 
of cell behavior, thereby contributing valuable knowledge to the optimization of cell culture 
processes. 

3. Results and Discussion

In this investigation, the HEK293.2sus cell line underwent cultivation in five distinct media
within shake flasks, with a rigorous sampling protocol spanning 9 days (excluding the weekend, 
days 3-4) to monitor cell density and percentage viability (refer to Figure 1). Furthermore, 
critical parameters such as maximum cell density, percentage viability at the maximum cell 
density, and specific growth rates were evaluated and compared across the diverse culture 
media (see Table 1). 

The findings from this extensive analysis revealed distinct performance variations based on 
the choice of culture medium. Notably, CDM4HEX293 and CD293 emerged as superior 
choices, yielding cultures characterized by both high cell density and robust viability. In 
contrast, cultures cultivated in BalanCD and FreeStyle 293 exhibited less favorable outcomes, 
marked by lower cell density and diminished viability. This divergence underscores the 
profound impact that the selection of culture medium has on the overall growth and health of 
HEK293.2sus cells. 

A closer examination of specific growth rates emphasized the differences between these 
media formulations. Cells cultured in CDM4HEX293 and CD293 demonstrated significantly 
higher specific growth rates compared to those in BalanCD and FreeStyle 293. This observation 
suggests not only that these media support higher cell densities but also promote a more 
efficient and rapid proliferation of the HEK293.2sus cells. The heightened specific growth rates 
in CDM4HEX293 and CD293 emphasize their potential as optimal choices for supporting the 
robust expansion of this cell line. SFMII appears to be a suitable culture medium for HEK293 
in terms of both cell viability and growth rate as well. However, when compared to 
CDM4HEK293, it falls short. Thus, we are particularly interested in CDM4HEK293 for our 
future study on a larger scale.  
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Figure 1 The time courses of viable cell density (a) and % viability (b) of HEK293.2sus in 
5 commercial media.  

Table 1 Comparison of max viable cell density, %viability at max viable cell density and 
specific growth rate of 5 commercial media 

Media Maximum Viable 
Cell Density  

(106 cells/mL) 

%Viability 
at Max Viable 
Cell Density 

Specific Growth 
Rate 

(day-1) 

BalanCD 4.59 ± 0.057 40.91 ± 1.888 0.30 ± 0.028 

CDM4HEK293 5.62 ± 0.163 88.73 ± 1.520 0.44 ± 0.064 

CD293 5.12 ± 0.304 81.12 ± 2.737 0.44 ± 0.014 

FreeStyle 293 4.00 ± 0.424 57.82 ± 0.962 0.21 ± 0.014 

293 SFM II 3.62 ± 0.424 72.47 ± 3.903 0.41 ± 0.021 

Furthermore, it became evident that CDM4HEK293 exhibited the highest growth 
performance in HEK293.2sus cell cultures within shake flasks, surpassing the outcomes 
achieved with other commercially available culture media. The precise explanation for why one 
medium outperforms another cannot be provided explicitly due to a lack of sufficient 
information regarding the nutritional composition of each medium. However, we believe that 
the superior performance of CDM4HEK293could be attributed to the notably higher glucose 
content present in this medium. A previous report supporting this notion indicated that 
CDM4HEK293 contains 1.5 times more glucose than CD 293 [3]. Although this speculation 
requires validation through future experiments incorporating additional glucose measurements, 
the current study strongly suggests that CDM4HEK293 stands out as the most suitable medium 
for fostering the growth of HEK293.2sus cells. Additionally, other nutrients such as amino 
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acids, vitamins and minerals present within these media also play a vital role in cell growth and 
viability. Regrettably, we couldn't address this aspect due to the absence of nutritional 
information regarding the media under study. 

The prospect of scaling up these findings to larger bioreactors is highly promising. The 
demonstrated efficacy of CDM4HEK293 in shake flasks positions it as a compelling candidate 
for further investigation at an expanded scale. Future studies could delve into optimizing 
conditions for large-scale bioprocessing, taking into account the specific attributes of 
CDM4HEK293 that contribute to its superior performance in supporting HEK293.2sus cell 
cultures. Overall, this study lays a robust foundation for future endeavors aimed at refining cell 
culture strategies and advancing bioprocess optimization for enhanced efficiency and 
productivity. 

4. Conclusion

In conclusion, the utilization of CDM4HEK293 as a growth medium has demonstrated its
exceptional suitability for fostering the expansion of HEK293.2sus cell cultures within shake 
flasks. This medium has exhibited remarkable performance metrics, including achieving the 
highest maximum viable cell density recorded at 5.62x106 cells/mL. Notably, the viability of 
cells reached its pinnacle at the maximum viable cell density, registering an impressive 88.73%. 
Furthermore, the specific growth rate observed under these conditions was notably high, 
standing at 0.44 day-1. These compelling outcomes underscore the efficacy of CDM4HEK293 
in facilitating robust cell growth, making it a promising choice for optimizing bioprocesses 
involving HEK293.2sus cell lines. The superior performance metrics observed with this 
medium substantiate its potential as a key component in enhancing the efficiency and 
productivity of cell culture processes within the context of shake flask applications. 
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Abstract 

Sugarcane bagasse is a valuable by-product of the sugar production industry, as it contains 

a significant amount of lignin, which has a range of beneficial properties, including UV 

protection, antioxidant ability, and antimicrobial activity. However, the method and conditions 

used to extract lignin can significantly impact its properties. This research aims to investigate 

lignin extraction from sugarcane bagasse using a dilute sulfuric acid (DSA) pretreatment. The 

effect of solid-to-liquid ratios (1:2.5, 1:5, and 1:10) on extracted lignin characteristics was 

investigated. The bagasse pretreated with a solid-to-liquid ratio of 1:10 (DSA10) gave the 

highest yield of acid-soluble lignin (ASL). However, DSA2.5 and DSA5 presented the highest 

value of antioxidant activity and total phenolic compound, respectively. The extracted lignin 

might contain a high content of impurities. 

Keywords: Acid-soluble lignin; Dilute sulfuric acid; Pretreatment; Sugarcane bagasse 

1. Introduction

Sugarcane bagasse, a by-product of sugarcane processing in the sugar production industries,

is generated in large quantities annually. Typically, it is exterminated by burning because it 

takes a short period and is easy to handle, leading to environmental pollution. The bagasse 

comprises cellulose (32-43%), hemicellulose (19-24%), lignin (25-32%), and others (6%-18%) 

[1]. Global lignin production is projected to rise to 225 million tons per year by 2030 as a by-

product of biofuel production, thereby attracting increased attention to lignin as a sustainable 

resource [2].  

Lignin is a biodegradable polymer in plant cells. Large quantities of lignin are produced not 

only in sugar production but also in the pulp and paper process and the biorefinery industry [3]. 

There are three monomers, including 1) p-coumaryl alcohol, found in plants in the grass family; 

2) coniferyl alcohol, found in narrow-leafed plants (softwood) and broad-leaved plants

(Hardwood); and 3) sinapyl alcohols are found primarily on broad-leaved plants consisting of

aliphatic hydroxy groups, phenolic groups, methoxy groups, and aromatic ring. Lignin has been

reported to present antimicrobial and antioxidant activities [4]. Additionally, lignin is non-

toxicity [5]. Lignin composition and characteristics are influenced mainly by the species and

extraction method. Lignin has been widely utilized in many fields, such as fuel in combustion

or electricity generation, resin adhesives, soil improvers, and rubber reinforcers [3]. Recently,

lignin has been used as an antimicrobial coating material in healthcare and agriculture [6].

333



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

Lignin is divided into acid-soluble lignin (ASL) and acid-insoluble lignin (AIL). ASL can 

dissolve into many solvents, which can be applied in versatile fields. 

Several techniques have been used to extract lignin from biomass, each of which has its 

advantages and disadvantages, such as acid pretreatment using the shortest time with high 

temperature, alkaline pretreatment having high efficiency of lignin exaction with long reaction 

time, organosolv being able to remove both lignin and hemicellulose with costly solvent, and 

steam explosion being a cost-effective process with inhibitor generation [7]. However, acid 

pretreatment is still challenging in operational conditions: dilute acid with high temperatures, 

concentrate acid with low temperatures, and solid-to-liquid ratio. Sritrakul et al. (2017) [8] 

studied the lignin extraction from bagasse using 4 vol% sulfuric acid at 121°C for 30 minutes, 

achieving lignin removal of 39.8%.  For dilute acid pretreatment, 43.8% of extracted lignin was 

obtained using 1 vol% sulfuric acid at 170°C for 5 minutes [9].  

Different techniques and operational conditions influence the characteristics of extracted 

lignin. Tons of literature paid attention only to the percent removal of the extracted lignin, as 

the desired products typically were cellulose and hemicellulose. A few studies have focused on 

the extracted lignin as a product and examined its properties such as antioxidant characteristics, 

antimicrobial activity, etc.  

This research aims to study the properties of ASL extracted from bagasse using 1 vol% 

dilute sulfuric acid pretreatment with different solid-to-liquid ratios (1:2.5, 1:5, and 1:10). The 

characteristics of extracted lignin were analyzed by a Fourier Transform Infrared Spectrometer 

(FTIR). Total phenolic compound and antioxidant activity were also examined. 

2. Materials and Methods

2.1. Materials

Sugarcane bagasse was purchased from Nonthaburi, Thailand. Chemicals used in the study, 

such as methanol (99.8%), gallic acid, 2,2-diphenyl-1-picryhydrazyl (DPPH), and Folin-

Ciocalteu reagent were purchased from Merck (Germany). Sulfuric acid (95-98%) and calcium 

hydroxide were purchased from J.T. Baker (US) and Qrec (Newzealand), respectively. 

2.2. Dilute sulfuric acid (DSA) pretreatment 

A 30 g bagasse having a particle size of 250 μm was pretreated with 1% sulfuric acid 

solution in the solid-to-liquid ratios of 1:2.5, 1:5, and 1:10 at 121°C for 30 minutes. The samples 

were named as shown in Table 1. After the pretreatment, the mixture was filtrated to separate 

the pretreated solid from the liquid. Calcium hydroxide was added into the liquid to adjust pH 

to 6 to precipitate acid-soluble lignin. Then, the precipitate was obtained by centrifugation at 

5,000 rpm for 30 minutes. Finally, the obtained solid was dried in an oven at 60°C for 12 hours 

and kept in a desiccator. 

2.3. Characterization of lignin 

2.3.1. Fourier Transform Infrared Spectrometer (FTIR) technique 

The FTIR spectra of the extracted lignin were examined against standard lignin in wave 

numbers from 4,000 to 400 cm−1 using the FTIR spectrometer INVENIO (Bruker, Germany). 

Alkaline lignin supplied by Sigma-Aldrich (US) was used as a standard. 
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2.3.2. Total phenolic compound (TPC) 

A 0.2 mL lignin extracted (3 mg/mL) was mixed with 0.8 mL of Folin-Ciocalteu reagent 

(0.2 N) and incubated in darkness at room temperature for 20 minutes. After that, 1 mL of 

sodium carbonate 8.5% w/v was added to the mixture and incubated at room temperature in 

darkness for 90 minutes. Then, the mixture was centrifuged at 5,000 rpm for 20 minutes. The 

supernatant was measured absorbance with a UV-visible spectrophotometer (Mapada V-

1100D, China) at 765 nm using gallic acid as a standard. 

2.3.3. Antioxidant activity (DPPH) 

A 0.5 mL lignin extracted (1 mg/mL) was mixed with 2.5 ml of DPPH (90 µmol/L) and 

incubated at room temperature in darkness for 30 minutes. After that, the mixture was measured 

with the UV-visible spectrophotometer at 517 nm using gallic acid as a standard. Results are 

reported in units of Scavenging activity (%) calculated by Eq. 1. 

𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
(𝑂𝐷𝑆 – 𝑂𝐷𝐿 )

𝑂𝐷𝑆 
𝑥 100 (1) 

Where ODS and ODL are the absorbances of the standard and lignin samples, respectively. 

Table 1. Solid-to-liquid ratios in dilute sulfuric acid pretreatment. 

3. Results and Discussion

3.1. Lignin content

Lignin was extracted from bagasse through diluted sulfuric acid pretreatment using different 

solid-to-liquid ratios (DSA2.5, DSA5, DSA10). According to [10], Betancur et al. (2009) 

optimized the acid pretreatment conditions for sugarcane bagasse. They found that using a 

solid-to-liquid ratio of 1:2.8 resulted in high xylose concentration hydrolysate production. The 

hypothesis of this study is the lignin extracted by different solid-to-liquid ratios impacting its 

yields and characteristics. Hence, the solid-to-liquid ratios of 1:2.5, 1:5, and 1:10 were used to 

extract lignin from sugarcane bagasse. 

The yields of extracted lignin are summarized in Table 2. The extracted lignin could be 

specified as acid-soluble lignin (ASL), which could be further applied in many fields due to its 

solubility. Canilha et al. (2011) [11] reported that sugarcane bagasse contained acid-soluble 

lignin of 5.2% biomass. This value was used as a reference value for calculating the yield of 

extracted lignin (% ASL in biomass). The result demonstrated that an increase in solid-to-liquid 

ratios increased the amount of extracted lignin. The highest lignin yield was obtained from 

DSA10. A small volume of dilute acid could not wet all the bagasse particles, resulting in a 

small area of contact between solid and liquid contact (Fig. 1). This might be a reason that 

limited the lignin extraction from the bagasse.  

Sample name Solid (g) to liquid (mL) ratio 

DSA2.5 1:2.5 

DSA5 1:5 

DSA10 1:10 
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However, the increment of the solid-to-liquid ratio up to 10 sharply increased the lignin 

yield almost 4 times compared with that of 1:5 (DSA5). Surprisingly, the yield calculated based 

on ASL in the lignin of DSA10 was higher than the ASL existing in the bagasse, implying high 

impurities in the extracted lignin. It could be explained that the bagasse was soaking wet by the 

acid solution; therefore, the acid contacted and directly reacted with the fiber, resulting in the 

decomposition and the generation of the impurities. 

Table 2. Lignin content. 

Fig. 1 Image of bagasse after adding 1% sulfuric acid solution 

 Table 3. FTIR peaks of lignin (standard). 

Sample name 
Yield of extracted lignin 

(% biomass) 

Yield of extracted lignin 

(% ASL in biomass) 

DSA2.5 2.00 ± 0.01 38.46 ± 1.92 

DSA5 2.90 ± 0.01 55.77 ± 1.92 

DSA10 11.70 ± 0.24 224.36 ± 45.56 

Wave number (cm-1) Functional groups 

3378 O-H (Aliphatic and phenolic hydroxyls) [12]

2918 C-H (Methoxyl group) [13]

1640 C=O (Carbonyl group) [13] 

1582,1499,1411 Aromatic structure in lignin [14] 

1431 C-H (Deformation in lignin) [12]

1255 C=O (Stretching of syringyl unit) [15] 

1201 C=O (Stretching of guaiacyl unit) [15] 

1113 C–O (Stretching in ester groups (HGS)) [15] 

1063 Aromatic C–H (Deformation in syringyl) [15] 

1020 Aromatic C–H (Deformation for guaiacyl) [15] 

850 Aromatic C–H (Deformation in HGS) [15] 
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3.2. Fourier Transform Infrared Spectrometer (FT-IR) technique 

The chemical structure of the extracted lignin was examined and compared with alkaline 

lignin (used as a standard). The alkaline lignin spectra presented all the significant peaks, as 

gathered in Table 3. Spectra of DSA2.5 and DSA5 showed 1640, 1431, and 850 cm-1, indicating 

carbonyl, C-H (Deformation in lignin), and C–H (Deformation in HGS), respectively. For the 

guaiacyl deformation at 1020 cm-1, a bit shift was observed in DSA2.5 and DSA5. A significant 

move from 1020 to 1101 cm-1 was noticed in DSA10. The aromatic peaks (1499 cm-1) and 

guaiacyl (1201 cm-1) were absent in all the extracted lignin. The spectra of DSA10 

demonstrated the chemical structure without aliphatic, phenolic hydroxyls, methoxyl, aromatic, 

syringyl, and guaiacyl structures. Consequently, the solid-to-liquid ratio of 1:10 might be a 

harsh condition for extracting lignin from the bagasse, leading to lignin structure decomposition 

and deformation. Also, impurities might be generated. 

Fig. 2 FTIR spectra of the extracted lignin 

3.3. Total phenolic compound (TPC) 

The TPC values of the extracted lignin are gathered in Table 4. Based on the lignin 

structure, the phenolic compound is the main compound contained in the structure, indicating 

antioxidant activity [16, 17]. The phenolic OH groups in the lignin structure directly impact 

antioxidant activity [17]. The TPC values of the sample were arranged in the following order: 

DSA5 > DSA2.5 > DSA10. The optimal solid-to-liquid ratio was 1:5 to obtain the highest value 

of TPC. Increasing the ratio to 1:10 dramatically decreased the TPC value by approximately 

60%. As mentioned before, the lignin structure could be destroyed by an excess volume of the 

acid solution, leading to the generation of impurities and a low TPC value. As seen in the FTIR 

result, the pattern of the peak at 3378 cm-1 representing phenolic OH of DSA10 differed from 

the standard. Compared with the literature, Aadil et al. (2014) [18] reported that the TPC of 

alkaline lignin extracted from Acacia wood was 73.01 ± 3.2 µg of GAE per mg. Moreover, 
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Ramakoti [19], reported that the TPC of organosolv lignin extracted from Bambusa bambos 

wood was 94.30 ± 1.4 µg of GAE per mg. In comparison to the previous reports, lignin extracted 

by dilute acid in this present work showed the lowest TPC value. As mentioned above, the acid 

might damage the lignin structure, resulting in fewer phenolic OH groups. 

3.4. Antioxidant activity (DPPH) 

According to the literature [20], lignin was proposed as a promising natural antioxidant for 

many applications. The antioxidant activity of the extracted lignin was analyzed (Table 4). 

DSA2.5 gave the highest antioxidant value, lower than lignin extracted from bamboo [18]. The 

bamboo was pretreated by organosolv, having an antioxidant activity of 38.10 ± 1.6%. In 

contrast, black liquor alkaline lignin had an antioxidant activity of 7.3%. Magalhaes et al. 

(2008) [22] claimed that the source of biomass, purity, molecular weight, and extraction 

technique could affect the antioxidant activity of the extracted lignin. 

Table 4. Total phenolic compound (TPC) and Antioxidant activity (DPPH). 

4. Conclusions

The study extracted ASL from sugarcane bagasse by pretreatment with DSA. The solid-to-

liquid ratio affected the amount and properties of the extracted lignin. The lignin structure was 

decomposed by an excess of DSA volume and generated impurities. The FTIR spectra 

confirmed that the extracted ASL contained a high content of impurities. DSA5 had the highest 

TPC value, and a higher yield of extracted lignin compared to DSA2.5. Therefore, 1:5 was the 

suitable solid-to-liquid ratio to extract ASL from sugarcane bagasse. ASL could be further 

purified to improve its characteristics for utilization in many applications. 
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Abstract 

Rice straw (RS) is an abundant agricultural by-product in Thailand; often being disposed 

through burning thus causing PM2.5 and related environmental problems. Utilization of RS 

(cellulose-rich biomaterial) to produce value-added products, such as carboxymethyl cellulose 

(CMC), serves to increase the value of agricultural wastes and manage it without harming the 

environment. This research aims to find optimal conditions of alkaline peroxide pretreatment 

of RS for producing CMC. RS was first treated with different concentrations of hydrogen 

peroxide including 2.5, 5, and 7.5% (v/v), the solid:liquid ratio was 1:10 and the pH was 

adjusted to 11.5 (using 5M NaOH). The mixture was then incubated at 45 °C for different 

durations including 8, 16, and 24 h. The obtained cellulose-rich samples were used to cellulose-

based material for CMC synthesis. The physical and chemical characterizations were conducted 

including FTIR, and XRD to examine the presence of functional groups and crystallinity index 

respectively. Moreover, the degree of substitution, and the whiteness index were also evaluated 

in order to find the suitable conditions for CMC synthesis from RS. The results indicated that 

the suitable condition of alkaline peroxide pretreatment for CMC production was 5% (v/v) of 

hydrogen peroxide after 16 h with CMC having the highest DS value (0.63) and the highest 

whiteness index. The FTIR results indicated the substitution of carboxymethyl group in 

cellulose sample extracted from RS. Therefore, RS is a potential raw material for CMC 

synthesis.

Keywords: Alkaline peroxide pretreatment; carboxymethyl cellulose; cellulose derivative; rice 

straw 

1. Introduction

Rice straw (RS) is a lignocellulosic biomass material that accounts for a large amount of

waste generated in Thailand. RS is usually disposed of by burning in order to prepare the land 

for the next rice crop, typically causing air pollution and environmental impacts. RS generally 

composes of several biomolecules including cellulose, hemicellulose, and lignin that can be 

converted into value-added products. Therefore, using RS as a raw material for the production 

of carboxymethyl cellulose is a great way to utilize RS without affecting the environment and 

to add value to RS as lignocellulosic biomass substrate. 

Carboxymethyl cellulose (CMC) is a cellulose derivative made by improving the properties 

of cellulose by replacing its original structural groups with carboxymethyl groups. CMC is a 
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white, odorless powder. It is often used in various industries such as the food, pharmaceutical, 

and textile industry by acting as a viscosity agent, stabilizer, and binder [1]. The production 

process of CMC is simpler than other cellulose ethers due to its synthesis being achievable 

under atmospheric pressure conditions and employing commercially available chemicals. This 

attribute contributes towards making CMC as the largest segment within the cellulose ether 

industry [2]. 

To produce the CMC from RS biomass, it needs to be pretreated in order to separate 

cellulose from other components. One of the most important stages for CMC synthesis is 

pretreatment, which is typically responsible for fractionating the biomolecules in RS and 

prepare the cellulose for subsequent stage. In the current study, the pretreatment method used 

in this research is alkaline peroxide because it is a technique that can separate cellulose under 

mild process conditions (low temperature and atmospheric pressure), therefore it is a method 

that uses low energy [3]. The experiments were conducted at different hydrogen peroxide 

concentrations (2.5%, 5%, and 7.5% (v/v)) and at different time periods (8, 16, and 24 h) to 

find the most suitable pretreatment conditions for using the separated cellulose fraction from 

RS to produce carboxymethyl cellulose and study the potential of RS as a preliminary 

biomaterial for CMC production. 

2. Materials and Methods

2.1. Materials 

Rice straw (RS) was obtained from a local field in Thailand. RS was ground with a grinder

and passed through sieve (No.35) in order to obtain a particle size of <500μm. Sodium 

hydroxide was purchased from MERCK. Methanol, ethanol, 2-Propanol and glacial acetic acid 

were purchased from QReC. Hydrogen peroxide was purchased from Fisher Chemical. Sodium 

monochloroacetate was purchased from Alfa Aesar. All chemicals used were of analytical 

grade. 

2.2. Alkaline peroxide pretreatment 

RS was mixed with hydrogen peroxide using different hydrogen peroxide concentrations: 

2.5, 5, and 7.5% (v/v), with a solid:liquid ratio of 1:10. Then the pH was adjusted to 11.5 using 

5M NaOH. The samples were placed in an incubator without agitation at a temperature of 

45 °C for different durations including 8, 16, and 24 h. After the pretreatment, the suspension 

was filtered to separate the solid fraction and washed with distilled water until pH 7 was 

attained. Then the solid fraction thus obtained was extracted cellulose (CEL). It was dried 

overnight at 70 °C. The samples were namely CEL-2.5-8 etc. 

2.3. Synthesis of Carboxymethyl cellulose 

The process of CMC synthesis was followed according to Biswas et al. (2014) [4]. The 

CMC synthesis process was divided into two main steps: alkalization and etherification. In the 

alkalization step, 1 g of extracted cellulose obtained from the alkaline peroxide pretreatment 

was mixed with 20 mL of isopropanol and 5 mL of 6M NaOH for 24 h. In the etherification 

step, 1.08 g of sodium monochloroacetate was added to the suspension and left undisturbed for 

30 min. The samples were placed in an incubator at 50 °C for 3 h. Then the samples were 

filtrated to separate the solids. The solid fraction was washed with 70% ethanol, 80% methanol, 

and 95% ethanol respectively. The solid fraction was immersed in 70% ethanol and the pH was 
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adjusted to 7 using glacial acetic acid. Then the solid fraction was dried overnight at 70 °C and 

CMC was thus obtained.  

2.4. Characterization of Carboxymethyl cellulose 

2.4.1. Biochemical composition 

Rice straw (RS) and extracted cellulose (CEL) were determined for their biochemical 

compositions by following the National Renewable Energy Laboratory (NREL) protocol 

(Determination of Structural Carbohydrates and Lignin in Biomass). 

2.4.2. X-ray diffraction analysis (XRD) 

The crystal structure of the extracted cellulose (CEL) and the synthesized CMC was 

analyzed using X-ray diffraction (Rigaku, SmartLab), and the crystallinity index (CrI) of CEL 

was calculated using Eq. (1) given below. Crystallinity index was calculated at 2θ = 22° for the 

crystalline region (I002) and 2θ = 18° for the amorphous region (Iamorphous) 

𝐶𝑟𝐼 =  [
𝐼002 − 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝐼002
] ×  100  (1) 

2.4.3. Fourier transform infrared analysis (FTIR) 

The functional group of the extracted cellulose (CEL) and the synthesized CMC were 

analyzed using Fourier transform infrared spectrometer (Bruker, INVENIO-S) with a 

wavenumber of 4000-400 cm-1. 

2.4.4. Whiteness index (WI) 

The color of the extracted cellulose (CEL) and the synthesized CMC was measured using 

a ColorQuest Spectrophotometer (HunterLab) by repeating 3 times and the whiteness index 

was calculated using Eq. (2) where L*, a*, and b* represented lightness, redness, and yellowness 

respectively. 

𝑊𝐼 = 100 − [(100 − 𝐿∗)2 +  𝑎∗2 +  𝑏∗2]
1

2   (2) 

2.4.5. Determination of degree of substitution (DS) 

The degree of substitution (DS) is the average number of hydroxyl groups that were 

substituted by carboxymethyl groups. Determination of the DS value of CMC was performed 

according to the Standard Test Methods for Sodium Carboxymethylcellulose (D 1439-97). 

3. Results and Discussion

3.1. Chemical composition of extracted cellulose 

The biochemical compositions of rice straw (RS) before and after alkaline peroxide 

pretreatment were analyzed. Table 1. exhibited the biochemical compositions of each sample 

at different parameters. After pretreatment it was found that the cellulose content in extracted 

cellulose (CEL) increased due to break down of hydrogen peroxide into hydroxyl radical and 

superoxide anion radical, which can cause lignin to decompose [5]. The obtained results 

indicated that increasing the hydrogen peroxide concentration resulted in an increase in 

cellulose content because of delignification during the pretreatment. The increase in hydrogen 
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peroxide concentration produced more number of radicles (OH-), which can solubilize more 

lignin. The obtained results showed consistency with the results reported by Tereen et al. (2020) 

[6]. However, increasing the pretreatment time slightly affected the cellulose content. 

Table 1. Chemical composition and crystallinity index of RS and extracted cellulose. 

3.2. X-ray diffraction analysis (XRD) 

The results of XRD analysis showed that the crystallinity index of extracted cellulose 

(CEL) from alkaline peroxide pretreatment was higher than untreated RS because hydrogen 

peroxide under alkaline conditions reacted with the amorphous part and dissolved along with 

the liquid part [7]. Therefore, the extracted cellulose obtained after pretreatment had a higher 

crystallinity index as shown in Table 1. Increasing the concentration of hydrogen peroxide 

resulted in an increase in crystallinity index. However at a concentration of 7.5% (v/v) hydrogen 

peroxide, the crystallinity index decreased because the hydrogen peroxide reacted with the 

crystalline region, causing the crystalline region to degrade [8]. This resulted in the crystallinity 

index to decrease as compared to that at the concentration of 5% (v/v) hydrogen peroxide. 

Figure 1 illustrates the XRD spectra of RS, extracted cellulose and CMC. 

Fig. 1 X-ray diffractograms of RS, extracted cellulose, and synthesized CMC 

Cellulose 

content 

[%]

Hemicellulose 

content [%] 

Lignin 

content [%] 

Solid 

recovery 

[%] 

Crystallinity 

index [%] 

RS 32.39 20.22 23.44 - 56.35

CEL-2.5-8 52.09 23.08 16.58 50.2 66.45

CEL-5-8 64.18 17.94 16.31 41.5 69.84

CEL-7.5-8 65.24 15.32 11.91 40.8 69.44

CEL-2.5-16 54.15 24.04 17.19 51.0 67.49

CEL-5-16 64.07 17.03 17.17 44.2 71.07

CEL-7.5-16 68.42 14.42 18.50 37.2 70.91

CEL-2.5-24 53.34 21.93 23.43 53.1 68.45

CEL-5-24 57.94 16.33 22.51 45.9 71.59

CEL-7.5-24 68.80 14.25 15.57 38.7 70.03
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3.3. Fourier transform infrared analysis (FTIR) 

The FTIR results demonstrated the functional groups in the samples. The band that 

differentiated RS from the extracted cellulose (CEL) was located at 1726 cm-1 and disappeared 

in the pretreated RS. This band can be attributed to the vibrations of carboxylic groups in lignin 

[6]. The band at 3333 cm-1 corresponds to the stretching of -OH group. The bands at 2917 and 

1367 cm-1 correspond to stretching and deformation vibration of -CH group respectively. The 

band at 895 cm-1 is characteristic of β-glycosidic linkage between glucose units in cellulose.

The FTIR spectrum characteristic of the extracted cellulose was similar to the spectra of 

commercial cellulose as reported by Abderrahim et al. (2015) [9]. The results of functional 

group analysis using FTIR when comparing the cellulose spectrum and the CMC spectrum were 

markedly different. In the CMC spectrum peaks at 1590 and 1413 cm-1 (Fig. 2), caused by 

stretching of -COO and scissoring of -CH2, respectively can be clearly observed [10]. These 

were peaks that indicated the presence of a carboxymethyl group, indicating that the 

carboxymethyl group had been substituted into the cellulose structure. 

Fig. 2 FTIR spectra of RS, extracted cellulose, and synthesized CMC 

3.4. Whiteness index (WI) 

The whiteness index was evaluated for RS, extracted cellulose (CEL) and CMC samples. 

The pretreatment of RS with alkaline peroxide increased the whiteness index of the extracted 

cellulose compared to untreated RS. The experimental results indicated that increasing the 

concentration of hydrogen peroxide resulted in the extracted cellulose thereby increasing the 

whiteness index, which can be due to the removal of lignin and decolorization during the 

alkaline peroxide pretreatment process [11]. Increasing the time did not increase the whiteness 

index. The optimal condition that resulted in the highest whiteness index of extracted cellulose 

was hydrogen peroxide concentration of 7.5% (v/v) for 16 h duration. The synthesized CMC 

had a lower whiteness value compared to the extracted cellulose due to the color formation 

caused by carboxylation reaction in the CMC synthesis process [12].
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Fig. 3 Whiteness index of RS, extracted cellulose, and synthesized CMC 

3.5. Degree of substitution (DS) 

The degree of substitution was analyzed for synthesized CMC. The CMC synthesized in 

this study had a DS value in the range of 0.38-0.63, which was close to the normal DS value 

(DS 0.4-1.3) of CMC obtained by that using Sodium monochloroacetate (NaMCA) as a reagent 

[10]. CMC-2.5-16, CMC-5-16, and CMC-7.5-16 samples had the crystallinity index of 29.83%, 

26.50%, and 32.17%, respectively, when observed at the DS values of these samples. Besides, 

it could be observed that the DS value increased while the crystallinity index decreased. This 

occurred because the reagent in the CMC synthesis process activates the non-crystalline part of 

cellulose [13].

Table 2. Degree of substitution (DS) of Carboxymethyl cellulose. 

4. Conclusions

Rice straw (RS), a lignocellulosic biomaterial has the potential to be a substrate for the

production of value-added products such as carboxymethyl cellulose (CMC) as depicted in this 

study. RS needed to be pretreated in order to separate cellulose that was used as a raw material 

to synthesize CMC. The alkaline peroxide pretreatment is a promising technique for cellulose-

rich material for CMC synthesis. The suitable alkaline peroxide pretreatment conditions for RS 

Sample DS 

CMC-2.5-8 0.51 

CMC-5-8 0.38 

CMC-7.5-8 0.46 

CMC-2.5-16 0.56 

CMC-5-16 0.63 

CMC-7.5-16 0.50 

CMC-2.5-24 0.60 

CMC-5-24 0.53 

CMC-7.5-24 0.50 
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for CMC production were studied. The experimental results showed that the most suitable 

pretreatment condition for pretreatment was hydrogen peroxide concentration of 5% (v/v) at 

16 h. Under this condition, the biochemical compositions, XRD, FTIR, whiteness index and 

DS results were suitable for CMC synthesis from RS. The optimal conditions resulted in the 

highest DS value of 0.63 and the whitest product color. The obtained results indicated that RS 

can be an alternative raw material for high value-added products by lignocellulosic valorization. 
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Abstract 

This study investigated the influence of nonionic surfactants on the lubricity of bio-

hydrogenated diesel (BHD), potential environmentally friendly alternative fuel with several 

properties surpassing petroleum diesel. However, key obstacle to the practical implementation 

of the BHD is poor lubricating properties, which can lead to engine wear and tear. This 

investigation explored the addition of sorbitan esters (Span) series surfactants such as Span 20, 

Span 80, and Span 120 were added to BHD. The amphipathic molecular structure of Span can 

be adsorbed onto contact surfaces, resulting in forming a protective layer that reduces wear. 

The study found that adding amounts of Span without exceeding 5% by volume significantly 

improved the lubricating properties of BHD investigated by High Frequency Reciprocating Rig 

under ISO 12156-1:2018 standard procedure. The wear scar diameter (WSD) decreased from 

516 µm to 161-203 µm, and the average film formation was 94-98% with an average friction 

coefficient decreases from 0.296 to 0.147-0.164. This result indicates Span series surfactants 

can facilitate the formation of a protective layer on the contact surface to prevent wear during 

the rubbing process. Further analysis of disc specimen using a LEXT OLS5100 3D Laser 

Measuring Microscope confirmed the positive impact of BHD with surfactants on lubrication 

behavior on the worn surface. This study highlights the potential of nonionic surfactant of Span 

series as a BHD additive to enhance lubricity and reduce engine wear.   

Keywords: Bio-Hydrogenated Diesel; Tribology; Surfactant; Lubrication 

1. Introduction

In response to environmental concerns, many countries are prioritizing emissions reduction

and sustainable development initiatives, leading to a growing adoption of alternative energy 

sources to replace fossil fuels in transportation and industrial sectors. Green diesel, also called 

bio-hydrogenated diesel (BHD) is considered as a highly efficient alternative fuel substitute for 

petroleum diesel due to its potential as a viable environmentally friendly energy source. 

Moreover, it is compatible with existing compression ignition engines without requiring 

modifications [1]. BHD possesses a paraffinic hydrocarbon molecular structure, leading to 

combustion characteristics closely resembling those of conventional diesel fuels. BHD boasts 

several properties superior to conventional diesel and other fuels [2]. Notably, its high heating 

value and higher cetane index translate to reduced ignition delay and enhanced combustion 

efficiency, while its lower sulfur content and emissions rate contribute to a cleaner burning 

process [3, 4]. These attributes position BHD as a promising alternative for the transportation.  

However, the lack of aromatic and oxygen compounds in composition of BHD results in 

poor lubricating properties [5-7], which do not meet the standards specified in the specifications 

for appearance and quality of diesel and biodiesel in the national regulations by the Department 

of Energy Business, Ministry of Energy, Thailand, 2020, which specify a maximum wear scar 

diameter of 460 µm. The lubricating properties of a fuel directly influence its ability to 
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minimize friction and engine wear. Therefore, the use of BHD in an engine can lead to increased 

wear and tear, impacting both engine performance and the longevity of its components.  

Numerous studies in recent years have focused on improving the lubricating properties of 

low-lubricity fuels like BHD and ultra-low sulfur diesel (ULSD). These attempts use friction 

modifiers and anti-wear additives mixed into the fuel to enhance lubricity performance [8]. One 

key mechanism involves adsorption of the friction modifiers onto the metal surfaces, forming 

a protective layer that minimizes direct contact between metal components. Friction modifiers 

are amphipathic molecules composed of polar head groups (Hydrophilic head) and non-polar 

aliphatic tail groups (Hydrophobic tail). The hydrophilic head is adsorbed to the metal surface, 

while the outward-facing hydrophobic tail encourages an orderly molecular arrangement, 

ultimately leading to a barrier film formation between the contact surface [9, 10]. Chemically, 

surfactants are a widely used type of amphipathic molecule. Previous studies have investigated 

the use of surfactants to enhance lubrication properties in various applications. Margielewski 

and Plaza demonstrated that Polyalkoxy Glycol Dithiophosphates (PGDPs) adsorbed onto 

metal surfaces, forming a protective film that improves the lubricity of the lubricant [11]. 

Upadhyay et al. revealed that the addition of Sodium Dodecyl Sulphate (SDS) to PAO6 

synthetic oil decreased the friction coefficient. The SDS molecules formed thread-like micelles 

on metal surfaces, thereby reducing the contact area and minimizing friction [12]. Furthermore, 

Uchôa et al. found that adding glycerin to ULSD increases its polarity due to the presence of 

hydroxyl groups. This enhanced polarity improves adhesion to metal surfaces, resulting in the 

formation of a protective film that reduces wear scars by up to 48% [13]. 

Despite the aforementioned studies, the use of surfactants specifically for enhancing fuel 

lubricity remains relatively unexplored. To address this gap, this study delves into the impact 

of surfactants on fuel lubricity as a novel approach for improving BHD quality. Our focus is on 

nonionic surfactants because of their superior emulsification properties relative to ionic 

surfactants, whose primary strength lies in cleaning applications. Additionally, the lack of ionic 

dissociation at the hydrophilic head of nonionic surfactants minimizes the risk of metal 

corrosion, further differentiating them from ionic surfactants. Unlike previous research, which 

have focused on exploring general applications of surfactants for lubricity improvement. This 

research aims to comprehensively investigate the influence of nonionic surfactants on low-

lubricity fuels, with the ultimate goal of establishing guidelines for optimizing BHD quality in 

accordance with relevant standards.  

2. Materials and Methods

2.1. Chemicals 

The commercial bio-hydrogenated diesel (BHD) produced by hydrogenation of palm oil 

was purchased from Verasuwan Co., Ltd, Thailand. The nonionic surfactants used in this work 

(Span 20, Span 80, and Span 120) were purchased from Guangdong Huana Chemistry Co., Ltd. 

(China) with purity greater than 98.0%. These Span series have the hydrophilic sorbitan group 

act as a polar head in common, but with different hydrophobic fatty acid chain (Fig. 1). Span 

series were selected due to their composition as fatty acid esters of anhydro sorbitols, which 

have good oil soluble emulsifying properties [14]. The chemical used to clean the specimen 

holder was acetone (AR grade) with purity of 99.5% was purchased from RCl Labscan. In 

addition, Sodium Bromide (Analytical grade) with purity of 99.5% was used for the preparation 

of sodium bromide saturated solution, which was purchased from QReC.  
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Sorbitan monolaurate 

(Span 20) 

Sorbitan monooleate 

(Span 80) 

Sorbitan monoisostearate 

(Span 120) 

Fig 1. Chemical structure of nonionic surfactants in Span series employed in the study. 

2.2. Tribological testing 

Tribological measurements were performed on the High-Frequency Reciprocating Rig 

(HFRR) of PCS Instruments. The test is a ball-on-disc method, in which a steel ball slides 

against a steel disc immersed in the liquid to be tested. Both the ball and disc are made of 

AISI 52100 steel. The test conditions follow the ISO 12156-1:2018 standard. 2 mL of fuel was 

added in the reservoir of HFRR. Then, the nonrotating steel ball was held with a vibrator arm 

and loaded with a 200 g mass until it contacted a test disc completely submerged in the fuel at 

60 °C. After then, the ball was vibrated against the disc with a 1 mm stroke at a frequency of 

50 Hz for 75 minutes. Laboratory ambient conditions within the cabinet were controlled at 

20–26°C temperature and a relative humidity range of 48–58% using a sodium bromide 

saturated solution for humidity control.  

Subsequent to test completion, the ball specimen was removed from the vibrator arm and 

cleaned by immersion in ultrasonic bath with acetone. The wear scar on the surface of the ball 

specimen was evaluated using a metallurgical microscope with a magnification of 100x. In this 

work, each sample was tested three times. However, If the wear scar diameter measurements 

deviated by more than ± 20 µm, a fourth test was necessary to confirm the repeatability of the 

results. Additionally, the worn surface on the disc specimen was characterized using LEXT 

OLS5100 3D Laser Measuring Microscope (Olympus, Tokyo, Japan) at 20x magnification. 

3. Results and Discussion

3.1. Lubricity 

The lubricating behavior of pure BHD can be observed from the friction coefficient (COF), 

percentage of film formation, and wear scar diameter (WSD), all obtained from tribological 

testing using HFRR with ISO12156-1:2018. As seen in Fig. 2(a), the percentage of film 

formation on the surface is only between 40-60%, indicating insufficient lubrication on 

the metal surface between the ball and disc. Moreover, Fig. 2(b) reveals fluctuations in the COF, 

indicate poor film stability. Consequently, large wear scars with an average diameter of 

516 µm are observed as shown in Fig. 2(c).  

The inclusion of Span series surfactants in BHD led to a notable decrease in WSD, as 

shown in Fig. 3(a), which reveals a reduction of WSD from 516 µm in pure BHD to a range of 

161-203 µm, indicating enhanced BHD lubricity. This enhanced lubricity is due to the structure

of the Span series surfactant consists of hydrophilic hydroxyl groups, a hydrophobic fatty acid

tail, and ester linkages that connect these two contrasting moieties. The presence of hydroxyl

groups indicates an oxygen-containing polar compound that participates in creating hydrogen

bonding with BHD molecules [11, 14]. These hydrogen bonds facilitate attractive

intermolecular interactions between the BHD molecules and the metal surface, resulting in

enhanced adhesion and adsorption of the BHD onto the metal surface [9, 13].

O

O

OH

O

OH

OH

H

CH
3

O

O

OH

O

OH

OH

H

CH
3

CH
3

351



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024

Fig. 2 Fluctuations of (a) film percentage and (b) COF as well as (c) WSD image of pure BHD. 

Furthermore, regarding the effect of hydrophobic tail structure of Span series group on 

wear scar diameter, a key indicator of lubricity. Specifically, the experiment revealed that Span 

80 exhibited lower wear scar diameter compared to both Span 20 and Span 120 because 

the distinct structural limitations of Span 20 and Span 120. Notably, Span 80 has a long 

hydrophobic tail, leading to a high number of carbon atoms. Consequently, the molecular 

weight increases enhancing the van der Waals interactions between adjacent molecules [15], 

resulting in a stronger protective layer compared to Span 20, which has a shorter hydrophobic 

tail and weaker interactions. However, although Span 120 has the same number of carbon atoms 

as Span 80, it exhibits a higher propensity for wear scar formation due to the hindrance caused 

by its branched structure disrupts the molecular arrangement on the surface and hinder complete 

coverage [16]. This incomplete coverage diminishes the lubricity of the metal surface compared 

to Span 80.   

More importantly, this enhanced adsorption on the metal surface indicates the formation 

of a protective layer on the metal surface to prevent wear during the rubbing process [4, 9]. 

Fig. 3(b) provides evidence for film formation. It shows that adding Span series surfactants to 

the BHD increased the percentage of film formation to be between 94-98%. Similarly, 

Sriprathum et al. in 2023 studied  the addition of fatty acid methyl esters (FAME) to BHD 

improves its lubricating properties due to the protective layer formed by FAME, which consists 

of a functional group of ester in the molecules [7]. According to Fig. 3(c) shows the average of 

the coefficient of friction of BHD decreases from 0.296 to the average range of 0.147-0.164, 

indicating the operation of a boundary lubrication mechanism [6]. Further observations 

revealed a negligible change in lubrication behavior with increasing surfactant concentration. 

This could be attributed to two phenomena: first, surfactant adsorption behavior reaching 

equilibrium on the surface, and second, micelle formation due to excess surfactant that 

potentially destabilizes the protective layer [17, 18]. Therefore, incorporating a small amount 

of Span series surfactant into BHD offers an effective approach to enhance BHD lubricity.  

Microscopic analysis of wear scar on the ball surface, as shown in Fig. 4, emphasizes that 

the addition of only a small amount of surfactant, no more than 5% by volume, significantly 

reduces the wear scar compared to pure BHD. This reduction in wear scar generally indicates 

improved lubricity. Moreover, it reinforces the theory that the presence of polar compound 

adsorbed on the metal surface can form a protective layer that reduce adhesion and limit friction 

or wear.  
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Fig. 3 Variation of (a) wear scar diameter, (b) percentage of film formation, and (c) friction 

coefficient of adding Span series surfactant to the BHD. 

Fig. 4 A worn on the ball was observed metallurgical microscope with magnification of 100x. 

3.2. Analysis of the worn surface 

Understanding the appearance of wear scar on the disc is crucial alongside analyzing 

the lubrication behavior of the ball for understanding tribological mechanisms. As shown in 

Fig. 5, depicts the wear scar observed after tribological testing of pure BHD. The 3D Laser 

Measuring Microscope image at magnification of 20x in Fig. 5 reveals readily observable wear 

scars on the disc surface. Therefore, the observed damage confirms the poor lubricating 

properties of the BHD due to the absence of polar compounds like oxygen in its paraffinic 

structure. 
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Fig. 5 Worn surface of pure BHD on the disc observed by 3D Laser Measuring Microscope 

Interestingly, the addition of Span series surfactant to the BHD significantly reduced 

wear scars on the discs compared to tests with pure BHD, as depicted in Fig. 6. This trend aligns 

with the results observed with the WSD on the ball in Fig. 2(a), suggesting a superior lubricating 

performance of the BHD with surfactant. Furthermore, 3D laser microscope images reveal dark 

stains around the worn surface. Previous studies have confirmed that the main chemical 

composition of almost all the black residues on the disc are carbon deposits. The reasoning 

behind this is likely due to the heat generated during friction during the test, which causes 

the carbon in the disc to decompose and form the black residues [13, 19]. However, 

observations revealed increasing surfactant concentration led to a tendency for increased 

deposit formation on worn surfaces. In order to gain a deeper understanding of the lubrication 

mechanisms, the worn surface on the disc will be further examined chemically and physically 

using Fourier Transform Infrared Spectroscopy, Scanning Electron Microscope, and 3D Laser 

Measuring Microscope. 

Fig. 6 Worn on the disc was observed 3D laser measuring microscope with 20x magnification. 
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4. Conclusion

This study employed the High-Frequency Reciprocating Rig (HFRR) test under ISO 12156-

1:2018 standards to investigate the lubrication performance of bio-hydrogenated diesel (BHD) 

supplemented with nonionic surfactants of the sorbitan esters (Span) series such as Span 20, 

Span 80, and Span 120. Our study demonstrates the addition of surfactant to BHD significantly 

improves lubrication behavior compared to pure BHD. This enhancement is attributed to 

the amphiphilic structure of the surfactants, which increases the polarity of the BHD, leading 

to better adsorption and formation of a protective layer on the metal surface. The worn surface 

analysis on disc confirmed that the addition of nonionic surfactant demonstrated a reduction in 

wear. However, this benefit was accompanied by an increased tendency for the formation of 

deposits on the worn surface, necessitating further investigation. Based on these findings, 

nonionic surfactant of Span series has demonstrated potential as efficient additives for BHD 

to enhance lubricity and reduce engine wear.   
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Abstract 

Now, the world is facing global warming caused by the release of greenhouse gases into 

the atmosphere. The most released gas is carbon dioxide. The carbon dioxide capture and 

storage technology is used to reduce the amount of carbon dioxide gas released into the 

atmosphere. In this research, potassium carbonate support on aluminum as an adsorbent is used 

to capture carbon dioxide from flue gas. The adsorbent is loaded into a circulating fluidized bed 

reactor that consists of an adsorber and a regenerator. The objective of the research is to find a 

proper drag model for better representing the hydrodynamic model of the regenerator and to 

study the effect of variables for adsorption and regeneration of the carbon dioxide capture 

process in the circulating fluidized bed reactor by using computational fluid dynamics. User 

Define Function (UDF) was used for two reactors and different drag models were used in each 

model. By simulating the flow behavior of the adsorbent in the riser and downer reactors, it was 

found that the Gidaspow drag model provided proper hydrodynamics in the riser. The 

distribution of the sorbent in the riser is similar to the experiment result. Then Wen and Yu, 

Syamlal O’brien, and Gidaspow drag models were employed to investigate the hydrodynamics 

in the downer. The Wen & Yu, and Syamlal O'brien drag models show gaps in the downer. 

However, the Gidaspow drag model reduces the flotation of the sorbent in the downer which is 

coherent with the observation. Thus, it was concluded that the Gidaspow drag model could be 

used for both the riser and downer. 

Keywords: Carbon dioxide capture, Regeneration, Circulating fluidized bed, Hydrodynamics 

1. Introduction

Nowadays, the world is facing problems with climate change and global warming due to

the rise of the global temperature caused by the increase of greenhouse gases in the atmosphere. 

The major greenhouse gases are carbon dioxide, methane, nitrous oxide, and fluorinated gases. 

Carbon dioxide (CO2) is the main greenhouse gas emitted to the environment from the burning 

of fossil fuels to produce power and electricity. Carbon capture and storage technology (CCS) 

reduces carbon dioxide emissions, a major cause of climate change, and will extend the use of 
fossil fuels as a major source of energy [1,2]. 

There are three types of carbon capture technology: pre-combustion CO2 capture, oxy-fuel 

CO2 combustion capture, and post-combustion CO2 capture. Post-combustion carbon dioxide 

capture is a technology that has received much attention since it can directly reduce carbon 

dioxide in the flue gas emitted from thermal power plants with less process modification. Post-

combustion technology includes five major processes: absorption, adsorption, cryogenic, 

membrane, and microbial. The adsorption process has high potential since it has low toxicity, 

low energy consumption for regeneration, but low efficiency for adsorption [6].  
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Potassium carbonate supported on alumina (K2CO3/Al2O3) has garnered attention in 

industrial processes owing to its unique properties and versatility. One of the primary reasons 

for selecting K2CO3/Al2O3 lies in its exceptional capacity for capturing acidic gases such as 

carbon dioxide (CO2) and hydrogen sulfide (H2S) from gas streams. This adsorbent 

demonstrates high chemical stability and reactivity, making it particularly suitable for 

applications requiring efficient removal of acidic impurities. 

The role of alumina (Al2O3) within the K2CO3/Al2O3 absorbent composite is multifaceted. 

Alumina serves as a crucial support material, providing mechanical strength and structural 

integrity to the adsorbent matrix. Moreover, alumina possesses inherent surface properties that 

enhance the adsorption and retention of potassium carbonate (K2CO3), thereby improving the 

overall adsorption performance of the composite material. Additionally, the presence of 

alumina can mitigate issues related to K2CO3 agglomeration and degradation, prolonging the 

operational lifespan of the adsorbent. 

Advantages of K2CO3/Al2O3 include its excellent adsorption capacity and selectivity 

towards acidic gases, enabled in part by the synergistic interaction between potassium carbonate 

and alumina. This combination not only enhances adsorption efficiency but also facilitates the 

regeneration of the adsorbent, thereby minimizing downtime and operational costs. 

Furthermore, the presence of alumina imparts thermal stability to the adsorbent, ensuring 

reliable performance under diverse operating conditions. 

Despite its many advantages, K2CO3/Al2O3 is not without limitations. One notable 

drawback is its susceptibility to degradation in the presence of moisture, which can compromise 

its adsorption efficiency over time. Additionally, the regeneration process of K2CO3/Al2O3

adsorbent can be energy-intensive and costly, posing challenges in terms of operational 

sustainability. 

Comparatively, alternative adsorbents such as amine-based solutions offer higher 

selectivity for certain gases and may exhibit better resistance to moisture. However, they often 

come with higher operating costs and pose environmental concerns due to solvent toxicity and 

degradation issues. In contrast, K2CO3/Al2O3 presents a viable alternative with a favorable 

balance of performance, cost-effectiveness, and environmental impact. 

Computational fluid dynamics (CFD) modeling is known as a technique to predict the 

dynamics of the fluid and transport phenomena in multiphase flows, especially where the flow 

behavior is difficult and expensive to investigate through experimental techniques. So, 

computational fluid dynamics becomes an attractive and feasible method for the process design, 

process performance analysis, and optimization of multiphase reactors. It has become a tool for 

understanding the hydrodynamics and transfer mechanisms in multiphase flow systems [3]. 
Fluidized bed technology has several advantages such as well mixing and high heat and 

mass transfer rates between gas and solid particles. Furthermore, heat can be removed quickly 

during exothermic reactions. Thus, it has been applied to developing the adsorption reactor for 

carbon dioxide capture. 

Furthermore, fluidization flow regimes have impacts on reactor performance and will 

change when the fluid velocity changes. By increasing gas velocity in the system, there are five 

main flow regimes in fluidization starting from low to high velocities. The first fluidization 

regime is the bubbling fluidization regime. It takes place when the gas velocity exceeds the 

minimum fluidization velocity (Umf). The particles start moving and bubbles appear in the 

reactor. The second regime is the slugging fluidization regime. Bubbles will be as large as the 

diameter of the reactor. The third regime is the turbulent fluidization regime. The behavior of 

solid particles in this regime is dense in the bottom area and dilute in the top area. The fourth 
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regime is the fast fluidization regime. In this regime, the core-annular has dense solid particles. 

The last regime is the pneumatic transport fluidization regime. The solid particle is dilute and 

can be transported out of the reactor.  

Recently, a novel fluidization regime was found. The regime is in between turbulent and 

fast fluidization regimes. It is a circulating turbulent fluidized bed (CTFB) regime. The regime 

has many advantages, such as good solid distribution, high contact area between gas-solid 

particles, and uniform temperature distribution. The proposed reactor has adopted this regime 

and applied it to capture CO2 with solid sorbents and operated continuously [4]. 

In fluid dynamics, drag is a force acting opposite to the relative motion of any object moving 

with respect to a surrounding fluid. It exists between two fluid surfaces or between a fluid and 

a solid surface. Previously, computational fluid dynamics was used to predict the drag force 

between solid sorbent and gas flow in a fluidized bed reactor. The drag models, such as 

Gidaspow, Wen & Yu, Syamlal O'brien, and the energy-minimization multi-scale (EMMS), 

were calculated to determine the momentum exchange between solid and gas flow in a fluidized 

bed which influenced the hydrodynamic behavior inside the adsorber.  

From the previous work of our research group, dynamic models of adsorber and regenerator 

were developed for CO2 capture. To control the circulating solid sorbent between the adsorber 

and the regenerator, a control valve model was also developed at the loop seal of the system. 

However, the hydrodynamics of the regenerator have not yet been thoroughly studied. The 

objectives of the research are to investigate the hydrodynamics of the adsorber and regenerator 

for a CO2 capture process by finding the proper drag models for the downer and evaluating the 

CO2 capture performance of the system. 

2. Mathematical model

The Eulerian- Eulerian model based on the kinetic theory of granular flow was 

employed to simulate the gas-solid system of adsorber and regenerator for CO2 capture process. 

The solid phase and gas phase are calculated with conservation equations. 

2.1 Conservation equation 

The conservation equations of momentum and mass for solid-gas flow are as follows. 

Mass conservation equation  

Gas phase:  
𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔) + ∇ ∙ (𝜀𝑔𝜌𝑔𝜈𝑔) = 0 (1) 

Solid phase: 
𝜕

𝜕𝑡
(𝜀𝑠𝜌𝑠) + ∇ ∙ (𝜀𝑠𝜌𝑠𝜈𝑠) = 0 (2) 

the sum of the volume fraction is 1. 

Momentum conservation equation 

Gas phase:  
𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔𝜈𝑔) + 𝛻 ∙ (𝜀𝑔𝜌𝑔𝜈𝑔) =  −𝜀𝑔𝛻𝑃 + 𝛻 ∙ 𝜏𝑔 + 𝜀𝑔𝜌𝑔𝑔 − 𝛽𝑔𝑠(𝜈𝑔 − 𝜈𝑠) (3) 

Solid phase: 
𝜕

𝜕𝑡
(𝜀𝑠𝜌𝑠𝜈𝑠) + ∇ ∙ (𝜀𝑠𝜌𝑠𝜈𝑠) =  −𝜀𝑠∇𝑃 + ∇ ∙ 𝜏𝑠 − ∇𝑃𝑠 + 𝜀𝑠𝜌𝑠𝑔 + 𝛽𝑔𝑠(𝜈𝑔 − 𝜈𝑠) (4) 

Energy conservation equation 

Gas phase:  
𝜕

𝜕𝑡
(𝜌𝑔ℎ𝑔) + ∇ ∙ (𝜌𝑔ℎ𝑔𝜈𝑔) = ∇ ∙ [(𝑘𝑔 + 𝑘𝑡,𝑔)∇𝑇𝑔] + 𝑆ℎ,𝑔  (5) 
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CD0 

Solid phase: 
𝜕

𝜕𝑡
(𝜌𝑆ℎ𝑆) + ∇ ∙ (𝜌𝑆ℎ𝑆𝜈𝑆) = ∇ ∙ [(𝑘𝑆 + 𝑘𝑡,𝑠)∇𝑇𝑆] + 𝑆ℎ,𝑠  (6) 

2.2 Conservation of species 

Gas phase:  
𝜕

𝜕𝑡
(𝜌𝑌𝑔,𝑖) + ∇ ∙ (𝜌𝜈𝑌𝑔,𝑖) = −∇ ∙ 𝐽𝑔,𝑖 + 𝑅𝑔,𝑖 + 𝑆𝑔,𝑖  (7) 

Solid phase: 
𝜕

𝜕𝑡
(𝜌𝑌𝑠,𝑖) + ∇ ∙ (𝜌𝜈𝑌𝑠,𝑖) = −∇ ∙ 𝐽𝑠,𝑖 + 𝑅𝑠,𝑖 + 𝑆𝑠,𝑖 (8) 

2.3 Fluctuating kinetic energy conservation equation 

Solid phase: 
3

2
[
𝜕

𝜕𝑡
(𝜀𝑠𝜌𝑠𝜃) + ∇ ∙ (𝜀𝑠𝜌𝑠𝜃𝜈𝑠)] = (−∇𝑃𝑠𝐼 + 𝜏𝑠) ∶ ∇𝜈𝑠 + ∇ ∙ (𝜅𝑠∇θ) − 𝛾𝑠 + 𝜙𝑔𝑠   (9) 

2.4 Drag model 

Gidaspow drag model 

𝛽𝑊𝑒𝑛&𝑌𝑢 𝜀𝑔  ≥ 0.8

𝛽𝐸𝑟𝑔𝑢𝑛 𝜀𝑔  < 0.8

𝛽𝑊𝑒𝑛&𝑌𝑢 = 
3

4

𝜀𝑔(1−𝜀𝑔)𝜌𝑔|𝑢𝑠⃗⃗ ⃗⃗  −𝑢𝑔⃗⃗ ⃗⃗  ⃗|

𝑑𝑠
𝐶𝐷0𝜀𝑔

−2.65     (10) 

𝛽𝐸𝑟𝑔𝑢𝑛 = 150
(1−𝜀𝑔)2𝜇𝑔

𝜀𝑔𝑑𝑠
2 + 1.75

(1−𝜀𝑔)𝜌𝑔|𝑢𝑠⃗⃗⃗⃗  ⃗−𝑢𝑔⃗⃗⃗⃗ ⃗⃗ |

𝑑𝑠
    (11) 

=
24

𝑅𝑒𝑠
(1 + 0.15𝑅𝑒𝑠

0.687) 𝑅𝑒𝑠 ≤ 1000

       =    0.44 𝑅𝑒𝑠 > 1000
Syamlal-O’brien drag model 

𝛽 =  
3𝜀𝑠𝜀𝑔𝜌𝑔

4𝑣𝑟,𝑠
2 𝑑𝑝

𝐶𝐷0|𝑢𝑠⃗⃗⃗⃗ − 𝑢𝑔⃗⃗⃗⃗ | (12) 

𝐶𝐷0 = (0.63 +
4.8

√𝑅𝑒𝑠/𝑢𝑟,𝑠

)

2

𝑅𝑒𝑠 = 
𝜌𝑔𝑑𝑝|𝑢𝑠⃗⃗⃗⃗ − 𝑢𝑔⃗⃗⃗⃗ |

𝑢𝑔

𝑢𝑟,𝑠 = 0.5 (𝐴 − 0.06𝑅𝑒𝑠 + √(0.06𝑅𝑒𝑠)2 + 0.12𝑅𝑒𝑠(2𝐵 − 𝐴) + 𝐴2)

𝑃𝜀𝑔
1.28 (𝜀𝑔 ≤ 0.85)            A= 𝛼𝑔

4.14          

𝜀𝑔
𝑄

(𝜀𝑔 > 0.85)         

P=0.8, Q=2.65 

βGidaspow =

CD0= 
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Energy-minimization multi-scale (EMMS) 

𝛽𝑔𝑠 =  150
(1−𝜀𝑔)

2
𝜇𝑔

𝜀𝑔𝑑𝑠
2 + 1.75

𝜀𝑠𝜌𝑔|𝜈𝑔−𝜈𝑠|

𝑑𝑠
𝜀𝑔 < 0.74 (13) 

𝛽𝑔𝑠 = 
3

4
𝐶𝐷

𝜀𝑠𝜀𝑔𝜌𝑔|𝜈𝑔−𝜈𝑠|

𝑑𝑠
𝜔(𝜀)  𝜀𝑔 ≥ 0.74 (14) 

𝑅𝑒 < 1000; 

𝐶𝐷0 =  
24

𝑅𝑒𝑘
(1 + 0.15𝑅𝑒𝑘

0.687) 𝑅𝑒𝑘 =
𝜌𝑔|𝜈𝑔−𝜈𝑠|𝑑𝑝

𝜇𝑔

𝑅𝑒 ≥ 1000; 

 𝐶𝐷0 =  0.44
0.74 ≤ 𝜀𝑔 < 0.82;

𝜔(𝜀) = −0.5760 + 
0.0214

4(𝜀𝑔 − 0.7463)
2
+ 0.0044

0.82 ≤ 𝜀𝑔 < 0.97;

𝜔(𝜀) = −0.0101 + 
0.0038

4(𝜀𝑔 − 0.7789)
2
+ 0.0040

𝜀𝑔 < 0.97;

𝜔(𝜀) = −31.8295 +  32.8295𝜀𝑔

2.5 Computational Fluid Dynamics (CFD) Simulation Model 

Table 1. Properties of phase and conditions used in cold model simulations. 

Table 2. Properties of phase and conditions used in reaction model simulations. 

Parameters Value Unit 

Solid sorbent K2CO3/Al2O3 - 

Gas inlet 20%CO2/15%H2O/65%N2 - 

Solid particle density 3,560 kg/m3 

Solid particle diameter 380 µm 

Parameters Value Unit 

Solid sorbent Sand - 

Gas inlet Air - 

Solid particle density 2,650 kg/m3 

Solid particle diameter 380 µm 

Gas density 1.2 kg/m3 

Gas viscosity 2×10−5 kg/m·s 

Initial solid particle inside the CFB 21 kg 

Outlet system pressure 101,325 Pa 
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Figure 1. Schematic drawing of CFB reactor. 

In the simulation process, the Ansys Fluent program was used to simulate the flow of 

solid sorbent in the adsorber and regenerator. Figure 1 shows the circulating fluidized bed 

adsorber and regenerator. The system consists of four important components, which are the 

adsorber (riser), solid separator (cyclone), regenerator (downer), and loop seal. The adsorber 

(riser) has a diameter of 0.15 m and a height of 2 m. The regenerator (downer) has a diameter 

of 0.30 m, a height of 0.90 m, and a thickness of 0.05 m. The simulation is divided into two 

parts. Part 1 is a cold flow simulation. The data used in the simulation is shown in Table 1, and 

Part two is a hot flow simulation where the reactions are included. The data used in the 

simulation is shown in Table 2. When the flue gas enters the riser, potassium carbonate (K2CO3) 

adsorbs carbon dioxide from the flue gas and reacts with water converted to potassium 

bicarbonate (KHCO3) through a forward reaction [5]. 

K2CO3(s) + CO2(g) + H2O(g) → 2KHCO3(s)  ∆H298K = −145 kJ/(gmolCO2) (16)

The potassium bicarbonate is transported to a cyclone where it is separated from flue gas and 

falls into the downer. Then, it is converted into Potassium carbonate through a backward 

reaction and returned to the riser by a loop seal, ending the sorbent circulation cycle. 

2KHCO3(s) → K2CO3(s) + CO2(g) + H2O(g)  ∆H298K = 145 kJ/(gmolCO2) (17)

The kinetics of the reaction can be calculated by rate of reaction. 

𝑟forward = 𝑘𝑓𝑤[𝐶𝑂2][𝐻2𝑂] 𝜀 ;  𝑘𝑓𝑤 = 7.83 ∗ 10−3[𝑒
−(−3609)

𝑅𝑇 ] 

rbackward = 𝑘𝑏𝑤 (
1

[CO2]
)
0.15

(
1

[H2O]
)
0.15

 ε ; 𝑘𝑏𝑤 = 7.83 ∗ 10−3 [e
−0.000502

RT ]

The equations for  % CO2 removal and % CO2 regeneration 

%CO2 removal =  
Mass flow of 𝐶𝑂2 (𝑖𝑛)−Mass flow of 𝐶𝑂2 (out)

Mass flow of 𝐶𝑂2 (𝑖𝑛)
× 100 (18) 

%Regeneration =  
Mass flow of KHCO3 (before)−Mass flow of KHCO3 (after)

Mass flow of Mass flow of KHCO3 (before)
× 100 (19) 
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3. Results & Discussion

3.1 Validation of the CFD Model

3.1.1. Grid independence test

2a)       2b) 
Figure 2a) Absolute pressure along of height in riser  2b) Absolute pressure along of width in riser 

Figures 2a and 2b show the complete pressure distribution along the axial height and 

the width of the riser to the number of cells used in the simulation. 8,000, 10,000, and 12,000 

cells were employed to identify the proper number of simulation cells. The results show that 

the finer calculation cells give slightly lower values of pressure distribution than the coarser 

calculation cells. As the number of cells used for calculation increases, the calculation 

resolution increases, resulting in the absolute pressure values of 10,000 and 12,000 cells having 

very close pressure values. 

3.1.2. Quasi-steady state test 

Figures 3a and 3b plotted the times corresponding to the pressure and mass flow rate at 

a height of 0.2 meters inside the riser to identify when the system reaches quasi-steady state 

condition. The figures showed that at the start of the simulation (from 0 to 20 seconds), the 

pressure inside the riser increased and decreased rapidly over a short time, resulting in a 

relatively high initial oscillation. Over time (from 20 to 40 seconds), the pressure inside the 

riser reduced in oscillation. Figure 3b also shows the plot of the solid flow rate at a height of 

0.2 meters with time. The figure shows the same behavior as Figure 3a. At the beginning, the 

flow rate has high oscillating due to an uneven flow and there is also no solid recirculation. 

Later on, there is a solid return from the downer into the riser. The responses of the pressure 

and solid flow rate in the system are similar. It can be concluded that the hydrodynamics inside 

the reactor reaches a quasi-steady state after 20 seconds. The system variables are obtained by 

averaging their values during the time of 20 to 40 seconds. 
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3a)      3b) 

Figure 3a) Dynamic pressure in the riser with respect to time 

 3b) Mass flow rate in the riser with respect to time 

3.1.3 Drag models in downer investigation 

Figure 4 Solid volume fraction along the height 

Typically, the adsorption unit would be composed of an adsorber and a regenerator. In 

the simulation, the adsorption unit is also divided into two sections: the riser (adsorber) section 

and the downer (regenerator) section. Due to the different operating conditions in each section, 

different drag models were employed in each section. Typically, the fluid in the riser section 

will be operated in the fast fluidization regime while that in the downer section will be in the 

bubbling fluidized bed regime. In this study, the Gidaspow drag model is used to predict the 

hydrodynamic behavior of gas-solid inside the riser since the model could predict the steady 

flow and the dispersion of solids along the height of the riser very close to the experimental 

data as shown in Figure 4. However, several drag models were employed to find the best-fit 

model for representing the hydrodynamics in the downer. Four drag models, which are the 

Gidaspow drag model, the Wen &Yu drag model, the Syamlal-O'Brien drag model, and the 

EMMS drag model, were investigated.  
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a      b           c           d 

e     f 

Figure 5 The flow of solids inside the downer

Now, there are two drag models in the system, one for the riser for which the Gidaspow 

was selected. The other model for the downer is one of the four models mentioned above. 

Figures 5 a-d are the hydrodynamic contours when the drag models in the riser and downer are 

(a) Gidaspow-Gidaspow (b) Gidaspow-Wen&Yu (c) Gidaspow-Syamlal-O’Brien (d)

Gidaspow-EMMS. With different drag models were used for predicting hydrodynamics in the

downer, at 40 seconds, every model showed the solid flow falling to the bottom of the downer,

due to gravity. The system, which was modeled by the Gidaspow-Gidaspow drag model (Figure

5a) and by Gidaspow-EMMS drag model (Figure 5d), shows a similar solid flow pattern in the

downer. That is, it was found the solids were dense on the wall of the downer and fell to the

bottom according to the gravity force. Furthermore, it was found that at the wall of the downer

of the reactor, the solid was circulated upwards to the top of the reactor due to the distribution

of solids fully filled across the width of the downer. The space for solids to flow down became

narrower. The solid collided with each other and caused the increase in solid flow resistance

downward. Then, the solid flow changes its direction and speed in the opposite direction.
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Figure 6 The mass flow rate of the adsorbent at a height of 1 m 

 Figure 6 shows the mass flow rate of the adsorbent at a height of 1 m, with the minus 

sign showing the downward direction of the adsorbent. The Gidaspow drag model and the 

EMMS drag model predict close values to each other, while the Wen & Yu drag model and 

Syamlal O'brien values are close to among the latter. However, the Gidaspow drag model 

provides the proper solid circulation rate as mentioned above. Figure 5b shows the model with 

the Gidaspow - Wen &Yu drag models. It was found that the solid density on the side wall in 

this model is lower than in other models. It also shows that the solids are moving backward to 

the top of the downer. The solids are dense on one side of the reactor, resulting in combining 

solids into a cluster in the downer. (Figure5e,5f) Moreover, the agglomeration of solid particles 

is formed in the lower part of the downer and forms a large gap in the bed. This phenomenon 

was also observed when using the Gidaspow-Syamlal O'Brien drag model as shown in Figure 

5c. 

Figure 7 Solid volume fraction along height after change drag model 

Because the solids in the system are circulating between the riser and the downer, when 

the system is at a pseudo-steady state, the solid volume fraction of the riser can be used as a 

reference condition for validating the model. From Figure 7, it is found that the distribution of 

solids according to the height of each model is different. Typically, the solids will circulate 

between the riser and downer due to the pressure difference in both reactors. The simulation 

results using the Gidaspow and the EMMS drag models in the downer provide the solid volume 

fraction distribution along the riser similar to the experiment. However, the Gidaspow provides 
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better results. On the contrary, the model with Wen & Yu drag model and that with Syamlal 

O'brien drag model show a large bubble gap in the downer preventing the return flow of the 

solids to the riser. Thus, the solid distribution is uneven. Thus, the drag model used in the riser 

and downer of the CFB system will be the Gidaspow-Gidaspow drag model. 

3.2 Carbon dioxide adsorption and regeneration 

Figure 8 The carbon dioxide gas capture performance. 

Figure 8 shows the CO2 performance in the riser with different drag models for the cases 

(1) Gidaspow-Gidaspow (2) Gidaspow-Wen&Yu  (3) Gidaspow-Syamlal-O’Brien (4)

Gidaspow-EMMS. The simulation results show different CO2 capture and regeneration

performances. In this study, the Gidaspow-Gidaspow drag model shows the highest CO2

removal. The reason is that this model shows the adsorbent well distributed throughout the

height of the riser. The sorbent, in this case, potassium carbonate, has become well contact

between gas and sorbent and can thoroughly react with carbon dioxide in the system to produce

potassium bicarbonate. A large amount of carbon dioxide gas was captured. In the simulation

with the Wen&Yu drag model and the Syamlal O'brien drag model, the solid distribution in the

riser side is uneven, resulting in less CO2 capture performance. Furthermore, a few adsorbents

are falling into the downer, resulting in less sorbent to be regenerated. Consequently, the

regeneration efficiency is reduced. Thus, proper hydrodynamic prediction is very crucial to

predict the adsorption and regeneration performance of the CO2 capture system.

4. Conclusion

The manuscript was to determine the proper drag models to represent the hydrodynamics

inside the CFB system for CO2 capture. Several drag models were used for simulating the gas-

solid flow in the downer. It was found that the Gidaspow-Gidaspow drag model for the riser 

and downer shows the most consistent behavior with the experimental result. The Gidaspow 

model reduces the buoyancy of solids moving backward in the downer. It can imitate the actual 

hydrodynamic behavior in the downer. Further, the simulation results also showed that the 

proper drag model is important not only for the hydrodynamics behavior but also for predicting 

the CO2 capture performance.   
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Abstract 

 Periodate oxidation is extensively used to functionalize carbohydrates because of its high 

efficiency. Free vicinal hydroxyl groups are specifically cleaved and formed aldehyde groups 

by periodate. However, a crucial issue arises due to the residual iodine compounds (periodate 

and iodate) in treated carbohydrates, especially for water-soluble carbohydrates (i.e., glucose 

and starch). To address this issue, two popular techniques have been developed for removing 

iodine compounds: ethylene glycol (EG) addition and dialysis. This research aims to compare 

the efficiency of these techniques in removing iodine compounds from tamarind kernel powder 

(TKP), which is used as a representative of water-soluble carbohydrate polymers. The 

concentration of residual iodate compounds in oxidized TKP (O-TKP) was measured. 

Moreover, O-TKP was analyzed using X-ray Diffraction (XRD) and a colorimeter. Results 

revealed that the effective method for removing iodine compounds was dialysis. Most of the 

iodine compounds, nearly 95%, were eliminated. Moreover, the color of the final product was 

light yellow, which was an insignificant change compared with TKP. Dialysis is a potential 

method to remove the iodine compound residue in the periodate oxidation of water-soluble 

carbohydrates. 

Keywords: Carbohydrate; Dialysis; Ethylene glycol; Iodate; Periodate oxidation 

1. Introduction

Periodate oxidation has been one of the extensive functional modification techniques for

beneficial properties and value-added biopolymers. For example, cellulose was modified to 

dialdehyde cellulose for use as food packaging [2] and biomedical material [3]. Starch was 

modified to dialdehyde starch to combine with other polymers to produce bioplastic [4]. 

Dialdehyde chitosan was synthesized by sodium periodate (NaIO4) oxidation for use as a 

crosslinking agent in biomedical applications [5]. Sodium alginate was prepared to dialdehyde 

sodium alginate to bond with dicyandiamide for formaldehyde-free leather [6]. 

The periodate oxidation reaction involves oxidative cleavage of vicinal diols (-OH) and 

formation of aldehydes (-COH) or ketones (-COC-) through strong oxidizing agents like NaIO4 

under low temperatures in an aqueous system [7]. The main product of this reaction is 

dialdehyde polymers, with iodate (IO3
-) and excess periodate (IO4

-) as by-products [8]. Residual 

iodine compounds can lead to various undesirable reactions, causing contamination of the final 

product, especially for water-soluble carbohydrates, or appearance change, such as color [9]. 

Two popular methods, 1) ethylene glycol addition [10-15] and 2) dialysis [16-17], have 

been widely used to remove the iodine compounds after the reaction. It was claimed that adding 

ethylene glycol after the functional modification could prevent side reactions and aid in 
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eliminating residual periodate and formed iodate and formaldehyde [9]. On the other hand, 

dialysis removes periodate and iodate compounds by transferring the undesired substance 

molecules through a dialysis tube in a water medium, maintaining the only desired molecule.

Due to the current need for clarity on the best removal method, this research aims to 

compare the efficiency of two methods - ethylene glycol addition and dialysis - in removing 

iodine compounds from the periodate oxidation of water-soluble carbohydrates to obtain an 

aldehyde product-free impurity. Tamarind kernel powder (TKP) was used as a representative 

of a water-soluble carbohydrate polymer. Oxidized TKP (O-TKP) was obtained after oxidizing 

with NaIO4. The residual iodine compounds in O-TKP, O-TKP added ethylene glycol, and 

dialyzed O-TKP were qualitatively analyzed by X-ray Diffraction (XRD) and quantitatively 

measured by titration. Additionally, the color of the final products was characterized. 

2. Materials and Methods

2.1. Materials 

Tamarind kernel powder (TKP) was purchased from Freshy Thai Co., Ltd., Thailand. 

Sodium periodate was purchased from Kemaus (Australia). 99% ethylene glycol and 95% 

sulfuric acid were purchased from J.T. Baker (US). Sodium iodide was purchased from Ajax 

Finechem (Australia). Potato starch was purchased from McGarrett (Thailand). Sodium 

thiosulfate pentahydrate was purchased from Qrec (New Zealand). 

2.2. Preparation of oxidized-TKP (O-TKP) 

A 5 %w/w TKP solution was prepared by slowly dissolving TKP in distilled water at 45 

°C, 500 rpm for 60 min. Then, the solution was centrifuged at 5000 rpm for 15 min to remove 

insoluble solids. Next, the supernatant was reacted with NaIO4 solution (3.6 g NaIO4 and 35 g 

water) at room temperature (RT) in darkness for 2 h [18]. Finally, an O-TKP solution was 

obtained. 

2.3. Residual iodine compound removal 

For the first method, the O-TKP solution was mixed with 2.5 mL of ethylene glycol at RT, 

500 rpm for 30 min. After that, the solution was dried in an oven at 60°C for 24 h to obtain O-

TKP(EG). For another method, the O-TKP solution was dialyzed against distilled water using 

a dialysis tube with MWCO 8000-14000 Da at RT for 3 days. Finally, O-TKP(DL) was 

obtained after the solution was dried with the same conditions. 

2.4. Characterization of O-TKP 

2.4.1. Determination of residual iodine. 

Following the published procedure [9], a 20 g/L sample was mixed with 5 wt% NaI and 

1 M H2SO4 in a 250 mL Erlenmeyer flask. Then, a 1 wt% potato starch solution was added to 

the flask, turning the mixture dark purple. After that, the mixture was diluted with 50 mL water. 

The mixture was titrated with Na2S2O3 until the purple color disappeared. The amount of 

residual iodate can be calculated using Eq. (1). 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑖𝑜𝑑𝑖𝑛𝑒 [𝑔/𝐿] =  
𝐶𝑁𝑎2𝑆2𝑂3× 𝑉𝑁𝑎2𝑆2𝑂3× 𝑀𝑤𝑁𝑎𝐼𝑂3

6× 𝑉𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
(1) 
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CNa2S2O3
 and VNa2S2O3

 denote the concentration and volume of Na2S2O3 used for

titration. Vsuspension represents the volume of suspension. 

2.4.2. X-ray Diffraction (XRD). 

The samples were analyzed using XRD to identify the types of each substance. The 

analysis was conducted using the Smart Lab Studio II (Rigaku, US) in the 2 ranges from 5° to 

60° under 40 kV and 100 mA. The solid prepared from the drying supernatant of the TKP 

solution was used as a control. 

2.4.3. Color. 

The color of the sample was tested by a Color Quest Spectrophotometer (HunterLab, 

US) in L* for lightness, a* for redness, and b* for yellowness. The overall color difference (E) 

value can be calculated from Eq. (2). 

∆𝐸 =  √(𝐿∗
1 − 𝐿∗

2)2 + (𝑎∗
1 − 𝑎∗

2)2 + (𝑏∗
1 − 𝑏∗

2)2  (2) 

3. Results and Discussion

3.1. Residual iodine compound 

The residual iodine compound was quantitatively determined by titration. For the chemical 

reaction of titration, IO3
- and IO4

- in the sample reacted with I- of NaI to form I2. Then, the 

mixture color became dark purple after adding starch solution. I2 reduction occurred during 

titration of the mixture by Na2S2O3 solution. Thiosulfate (S2O3
2-) reduced I2 to I-, resulting in 

the disappearance of the purple color. Concentrations of iodine compound in the sample are 

summarized in Table 1. The result demonstrated that high residual iodine concentration in O-

TKP confirmed that IO3
- was generated as a by-product and IO4

- might be excess and remain 

in the final product. For O-TKP added ethylene glycol, the iodine compounds of O-TKP(EG) 

were a bit lower than O-TKP. Wu et al. (1985) [19] reported that periodate could oxidize 

ethylene glycol to form iodate and formaldehyde. Consequently, adding ethylene glycol was 

unable to remove residual iodine compounds because ethylene glycol only utilized the excess 

periodate and generated more iodate. Moreover, O-TKP(EG) was contaminated with 

formaldehyde. In contrast, the iodine compounds were potentially removed by the dialysis 

technique.   

Table 1. Residual iodine compound. 

Sample Iodine compounds (g/L) 

O-TKP 7.60 ± 0.13 

O-TKP(EG) 7.24 ± 0.43 

O-TKP(DL) 0.40 ± 0.01 

3.2. X-ray diffraction (XRD) 

From the XRD analysis (Fig. 1), it was shown that the XRD pattern of the control 

presenting a typical peak of approximately 2 at 20° was similar to those found in 

galactoxyloglucan extracted from tamarind seed [20] and xyloglucan extracted from Hymenaea 
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courbaril var. courbaril seeds [21]. The compositions of TKP are 65-72% xyloglucan, 11-23% 

moisture, 15-21% protein, 4-16% fat/oil, 3-8% crude fiber, and 2-4% total ash [22]., which only 

xyloglucan is water soluble. Therefore, the main composition in the control was xyloglucan. O-

TKP(DL) illustrated the XRD pattern similar to that of the control, which was consistent with 

the concentration of iodine compounds. The diols cleavage and aldehydes formation in the 

xyloglucan polymer chain did not affect the XRD pattern. It was well agreed with the finding 

of Wannous et al. (2022) [23] that starch and dialdehyde starch had the same XRD patterns. All 

peaks marked with triangles of O-TKP could be attributed to iodate, according to [24]. The 

XRD pattern of O-TKP(EG) presented all the peaks of O-TKP with lower intensity. It could be 

concluded that adding ethylene glycol could not eliminate iodine compounds out of O-TKP. 

Fig. 1 XRD patterns of the control, O-TKP, O-TKP(EG), and O-TKP(DL). 

3.3. Color 

Images of the samples are shown in Fig. 2. TKP originally was off-white like other seed 

starch powder. After TKP was oxidized with NaIO4, O-TKP demonstrated yellowish. By 

adding ethylene glycol, O-TKP(EG) was yellowish-brown. A light yellow color was observed 

in O-TKP(DL). After the samples were stored in a desiccator for about 30 days, it was noticed 

that the color of O-TKP and O-TKP(EG) changed to brighter yellow and dark brown, 

respectively. Impurities such as iodate and periodate could induce side reactions during storage. 

Especially for O-TKP(EG), as mentioned before, ethylene glycol was oxidized by the excess 

periodate to generate formaldehyde [25], which might cause the yellowish-brown color to turn 

dark brown.  

Moreover, the color of the sample was measured and presented in the CIELAB system 

(Table 2). The L* value indicated that O-TKP had the most lightness, which was opposed to 

the images in Fig. 2. It might be because the transparency presented in O-TKP(DL) only 

affected the measurement. However, the CIELAB results of TKP, O-TKP, and O-TKP(EG) 

were reliable. Since the ∆E value was calculated using TKP as a control, the value represented 

the color change of the sample against TKP. The ∆E values were well consistent with the 
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images (excepting that of O-TKP(DL)) that O-TKP(EG) had the most significant color change 

compared to that of TKP. 

Fig. 2 Images of the samples after drying at 60° C and storing for 30 days (small circle 

images). 

Table 2. Colorimetric results. 

Sample L* a* b* ∆E 

TKP 71.0 ± 0.9 4.3 ± 0.3 21.1 ± 0.3 0 

O-TKP 74.6 ± 0.1 4.0 ± 0.1 24.7 ± 0.2 5.0 ± 0.4 

O-TKP(EG) 64.4 ± 0.1 8.3 ± 0.1 43.8 ± 0.1 24.0 ± 0.6 

O-TKP(DL) 29.4 ± 1.3 -0.8 ± 0.1 4.6 ± 0.3 45.1 ± 2.0 

4. Conclusions

Upon removal of the residual iodine compounds from O-TKP, dialysis was the potential

method. Most iodine compounds were removed without affecting the color of the final product. 

Formaldehyde might be the main reason for color change in O-TKP(EG). The qualitative iodine 

compound was well agreed with that quantitative analysis. It is still challenging to eliminate all 

impurities from oxidized water-soluble carbohydrates with a shorter period.  
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Abstract 

Hydrogen is widely regarded as a promising energy carrier for sustainable energy systems, 

particularly in achieving high efficiency through fuel cell applications. However, the storage of 

hydrogen poses significant challenges in the development of a hydrogen-based economy. 

Alternatively, due to its distinctive properties, methanol emerges as an attractive hydrogen 

carrier. This study explores an integrated system that combines sorption-enhanced chemical-

looping oxidative steam methanol-reforming (SECL-OSRM), utilizing CuO-MgO as a bi-

functional material, with a high-temperature proton exchange membrane fuel cell (HT-

PEMFC). The integrated process simulation employs a thermodynamic model in Aspen Plus. 

A comprehensive parametric analysis of the proposed system is conducted to gain insights into 

the impact of the mole ratio of CuO/CH3OH, MgO/CH3OH on SECL-OSRM performance 

parameters including methanol conversion, hydrogen production concentration, carbon 

monoxide concentration, and hydrogen production rate. Additionally, the effects of operating 

temperature and current density are considered to assess the performance of the HT-PEMFC. 

The findings indicate that the SECL-OSRM system enhances the production of high-purity 

hydrogen, achieves low CO concentrations at lower than 0.3 vol.%, and high production 

flowrate at 0.5, 0.5 mole ratio of the CuO/CH3OH, MgO/CH3OH, which is suitable for HT-

PEMFC operation. Furthermore, SECL-OSRM has the capability to achieve auto-thermal 

operation and can be enhanced by harnessing waste heat from the fuel cell. The increment of 

fuel cell temperature and current density are favorable for improving net power output. The 

proposed system presents a maximum system total efficiency at 41.5%. 

Keywords: Sorption-enhanced chemical looping reforming; Methanol; High-temperature 

proton exchange membrane fuel cell; Performance optimization; Exergy analysis 

1. Introduction

As fossil fuel reserves diminish and environmental degradation becomes more 

pronounced, global interest is growing in harnessing renewable energy sources. Hydrogen is 

commonly seen as a prospective energy carrier for sustainable energy due to its capacity to be 

generated from diverse sources and its versatile applications, particularly in fuel cell technology 

(Li et al., 2023). However, the need for elevated pressure in compressed hydrogen storage, 

involving costly materials, and extremely low temperatures for liquefaction has posed 

challenges for secure storage, expenses, and transportation (Herdem et al., 2019; Sun & Sun, 

2020). Therefore, alternative fuels (natural gas, alcohol, etc.) are attractive to use in fuel 

reforming (Li et al., 2023).
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 Methanol emerges as an attractive hydrogen carrier because it has several advantages. 

It exists in a liquid phase under standard atmospheric pressure and temperature, exhibiting a 

higher volumetric energy density. Its elevated H/C ratio allows for a greater hydrogen content 

in the reformate gas, enabling the use of lower reforming temperatures due to the absence of a 

robust C-C bond. The resulting reformate gas contains minimal sulfur and low CO content. 

Additionally, methanol can be derived from both renewable and non-renewable sources. 

(Herdem et al., 2019; Li et al., 2021; Li et al., 2023). Main approaches for hydrogen production 

form methanol are steam reforming of methanol (SRM), partial oxidation of methanol (POM), 

oxidative steam reforming of methanol (OSRM), sorption enhanced steam methanol reforming 

(SE-SRM), and sorption-enhanced chemical-looping oxidative steam methanol reforming 

(SECL-OSRM) (Liu et al., 2020; Sun & Sun, 2020). The SRM method is extensively researched 

as it offers relatively high hydrogen concentration and operates at a lower reforming 

temperature. Nevertheless, CO production is a concern during SRM, and even minimal 

concentrations of CO can lead to catalyst deactivation at the anode fuel cell. Additionally, SRM 

requires external heat to occur the reaction. Therefore, SECL-SRM combined a suitable 

proportion of endothermic SRM reaction and exothermic POM reaction which could make the 

auto-thermal condition (no external heat) (Sun & Sun, 2020). Furthermore, SECL-SEM has 

absorbent which can promote the equilibrium of forward water-gas shift reaction by absorbing 

carbon dioxide. SE-SEM achieves low CO concentrations, which is suitable for high-

temperature proton exchange membrane fuel cell (HT-PEMFC) without external purify system. 

Additionally, fuel cells generally operate at about 40-60% electrical efficiency in 

continuous operation, and nearly half of the chemical energy is lost as heat to the environment. 

It has increasingly become a focus of attention to improve the thermal efficiency of fuel cells 

through waste heat recovery, which can be used for self-serving to increasing the feasible region 

operating. Therefore, our research aims to simulate an integrated system that combines 

sorption-enhanced chemical-looping oxidative steam methanol-reforming (SECL-OSRM) with 

a high-temperature proton exchange membrane fuel cell (HT-PEMFC) in Aspen Plus. This 

integration aims to address challenges in hydrogen storage by utilizing methanol as a hydrogen 

carrier and improve the total efficiency. For the first section, the impact of the CuO/CH3OH, 

MgO/CH3OH ratio on SECL-OSRM performance parameters including methanol conversion, 

hydrogen concentration, and carbon monoxide concentration, hydrogen production rate, and 

heat balance of fuel reactor and regeneration to find the optimal region for operating. 

Furthermore, the effects of operating temperature and current density are considered to define 

the system performance.  

2. Methodology

2.1 System Modules 

2.1.1 SECL-OSRM Subsystem 

This section is composed of two main reactors, which are fuel reactor and regeneration 

reactor, for supply rich-hydrogen reformate gas to HT-PEMFC by methanol reforming. The 

SECL-OSRM reaction is simulated by utilizing Gibb free energy minimization method in 

RGIBBS unit. The reaction in a fuel reactor can be defined as steam reforming ( 

 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 → 𝐶𝑂2 + 3𝐻2 ), partial oxidation ( 𝐶𝐻3𝑂𝐻 + 𝐶𝑢𝑂 → 𝐶𝑂2 + 2𝐻2 + 3𝐶𝑢 ), 

complete oxidation (𝐶𝐻3𝑂𝐻 + 3𝐶𝑢𝑂 → 𝐶𝑂2 + 2𝐻2𝑂 + 3𝐶𝑢 ), decomposition of methanol 
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(𝐶𝐻3𝑂𝐻 → 𝐶𝑂 + 2𝐻2 ), water-gas shift (𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 ), copper oxide reduction 

(𝐶𝑢𝑂 + 𝐻2 → 𝐶𝑢 +  𝐻2𝑂), copper oxide oxidation (𝐶𝑂 + 𝐶𝑢𝑂 → 𝐶𝑂2 +  𝐶𝑢), CO2 sorption 

(𝑀𝑔𝑂 + 𝐶𝑂2 → 𝑀𝑔𝐶𝑂3). Furthermore, other reactions including dehydration ( 2𝐶𝐻3𝑂𝐻 →
𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂and 3𝐶𝐻3𝑂𝐻 → 𝐶𝐻3𝑂𝐶𝐻3 + 𝐶𝑂2 + 3𝐻2 ), dehydrogenation (2𝐶𝐻3𝑂𝐻 →
𝐻𝐶𝑂𝑂𝐶𝐻3 + 2𝐻2), formaldehyde synthesis (𝐶𝐻3𝑂𝐻 → 𝐻𝐶𝐻𝑂 + 𝐻2). For the regeneration 

reactor, the reactions include Cupper oxidation (2𝐶𝑢 + 𝑂2 → 2𝐶𝑢𝑂 ) and CO2 desorption 

(𝑀𝑔𝐶𝑂3 → 𝑀𝑔𝑂 + 𝐶𝑂2). 

2.1.2 HT-PEMFC Subsystem 

HT-PEMFC generates electricity by electrochemical reactions using hydrogen and 

oxygen in the anode and cathode catalyst layers. The model is simulated in Aspen Plus with the 

assumption that fuel cell is operated under steady state, isothermal, and isobaric conditions. The 

main components are composed of an anode side and cathode side. The anode side was modeled 

by a spilt block which defines the amount of utilizing hydrogen. The remaining hydrogen enters 

the cathode to react with oxygen from air. For the cathode side, RSTOIC reactor is used to 

simulate the reaction. The products from the HT-PEMFC are electricity, heat, and steam. 

Furthermore, the calculation block is used to calculate the electricity properties by Fortran that 

including cell voltage, reversible cell voltage, the activation loss, ohmic loss, temperature 

dependence of exchange current density and membrane conductivity, concentration loss, and 

limiting current density calculation. The operation conditions and parameters of the model were 

developed by Shamardina et. al. (Shamardina et al., 2010). 

2.2 System Description 

The flowsheet of the integrated system developed in ASPEN plus by Peng-Robinson 

method as shown in Fig. 1.  The configuration of network heat exchanger is developed from 

sorption-enhanced steam methane reforming design (Collins-Martinez et al., 2020). Firstly, the 

feed (L), including mixture of methanol and water, enters preheated section with heat exchanger 

HX-1 and HX-2 by heat of gaseous out. Both of heat exchangers are fixed the hot outlet 

temperature at 80 oC. The preheated feed is finally evaporated in EVAP by additional heat 

generation from fuel cell. For fuel reactors (FR), the CuO, MgO, and feed are entered to produce 

H2-rich gas with low CO at 220 oC temperature. The solids in gaseous product are separated by 

cyclone (CYC1). The consumed solid is regenerated in regeneration reactor with air at 410 oC 

by preheated air. The fresh air, including reacted air in regeneration reactor and reacted air in 

cathode side, are preheated in heat exchanger HX-3 and HX-4 with gaseous out from both 

cyclone to 400 oC. The H2-rich gas is fed to fuel cell for electricity generation. For HT-PEMFC 

section, H2-rich gas and spilt air enter to compressor and heater for adjust condition to the 

operating pressure and temperature (1.2 atm and 140-180oC) before it is fed to the ANODE and 

CATHODE site respectively. The consumed H2 is separated from anode proportionally with 

operating current density to cathode side to occur electrochemical reaction. Unutilized H2 is 

recycled to the anode through a controlled, constant feeding of fresh feed and recycled feed. 
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Fig. 1 The simulation flowsheet of the integrated system. 

2.3 Performance characteristics 

Fuel cell efficiency, total system efficiency are considered during the simulation, which 

are given in Eq. (1) and (2). 

Fuel cell efficiency: 
𝜂𝑓𝑢𝑒𝑙−𝑐𝑒𝑙𝑙 =

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝐹𝐻2,𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑
. 𝐿𝐻𝑉𝐻2

 𝑥 100% 
(1) 

Total system efficiency: 
𝜂𝑠𝑦𝑠𝑡𝑒𝑚 =

𝑊𝑛𝑒𝑡 + 𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦

𝐹𝑓𝑢𝑒𝑙 . 𝐿𝐻𝑉𝑓𝑢𝑒𝑙

 𝑥 100% 
(2) 

where 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  is the stack power generation from fuel cell, 𝐹𝐻2,𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑
 is flowrate of utilized 

hydrogen, 𝐿𝐻𝑉𝐻2
 is the lower heating value of hydrogen, 𝑊𝑛𝑒𝑡 is net output power of the system, 

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 is the recoverable heat from fuel cell to evaporator, 𝐹𝑓𝑢𝑒𝑙 is the flowrate of the methanol, 

𝐿𝐻𝑉𝑓𝑢𝑒𝑙  is the lower heating value of the methanol. 

3. Results & Discussion

3.1 Model Validation 

The SECL-OSRM module can be validated by Li et al. research (Li et al., 2020), which 

proposed Cu-MgO/Al2O3 bifunctional catalyst as enhanced sorption capacity and reaction 

activity. The results showed that 8 wt% Cu-MgO/Al2O3 is the superior performance at 99.3% 

of H2 selectivity and less than 0.15% of CO selectivity over 10 repeated cycles, the validation 

is shown in Fig. 2(a). And for HT-PEMFC model, it has been validated with experiment data 

by Shamardina et. al. (Shamardina et al., 2010). Their experiment used 0.04 cm of the gas 

diffusion layer thickness, 0.006 cm of membrane thickness, and they operated at 120-180 oC 

and 1 atm. The model prediction is good agreement with experiment data as shown in the 

polarization curve in Fig. 2(b)  
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Fig. 2 (a) Comparison between predictions and experiment results of (a) SECL-OSRM (at 

steam to methanol ratio = 1.3, reforming temperature = 220 oC); (b) HT-PEMFC model. 

3.2 Effect of CuO/CH3OH and MgO/CH3OH mole ratio 

The effect of CuO/CH3OH and MgO/CH3OH mole ratio on CH3OH conversion, H2 

concentration, CO concentration, heat duty of fuel reactor, heat duty of regeneration reactor are 

shown in Fig. 3. As Fig. 3(a), the result show that the complete conversion of CH3OH (>0.999). 

As Fig 3(b), the H2 concentration is higher when increasing mole ratio of MgO/CH3OH. 

However, H2 concentration decrease is found when CuO/CH3OH mole ratio increases. It might 

be because of the increase in copper oxide oxidation reaction, which consumes the amount of 

H2. For the normal operation of HT-PEMFC the H2 concentration should be higher than 50 

vol.%. So that the left side of the green line displays the appropriate ranges of concentration 

(higher than 60 vol.%). These ranges ensure that after passing through the flash drum unit to 

remove impurities or unreacted substances, the resulting volume reaches 95 vol.% (free-

unreacted substances). 

 Furthermore, due to the poisoning of CO on fuel cell platinum-based catalyst. 

Therefore, the CO concentration must be controlled at lower than 0.3 vol.% (Liu et al., 2020). 

As shown in Fig. 3(c), higher mole ratio of MgO/CH3OH in system can reduce the CO 

concentration because MgO can adsorb the CO2 in system, which increase shift forward of 

water-gas shift equilibrium. Therefore, feasible mole ratio of CuO/CH3OH and MgO/CH3OH 

to avoid deactivation of fuel cell catalyst are shown in the right-side area of the green line. 

Autothermal operation requires the overall process to be able to operate without the 

external heat input. This condition occurs when heat duty is negative. In other words, when heat 

generation of reaction is higher than heat require. Therefore, Fig. 3(d-e) shows the heat duty of 

fuel reactor (Q1) and regeneration reactor (Q2) in various mole ratio of CuO/CH3OH and 

MgO/CH3OH. The results show that the recovery heat from fuel cell to evaporator is sufficient 

to make fuel reactor an exothermic condition (autothermal condition) in all operating 

conditions. In addition, the duty of fuel reactor is more negative when the mole ratio of 

CuO/CH3OH and MgO/CH3OH increases because of the higher amount of heat generation from 

exothermic reaction, which are partial oxidation, complete oxidation, and CO2 adsorption. For 

the duty of regeneration reactor, the negative heat duty is increasing when increase the mole 

ratio of CuO/CH3OH because the cupper oxidation with air is an exothermic reaction. In other 
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hand, the higher MgO/CH3OH mole ratio makes the positive heat duty because the CO2 

desorption in air reactor is the endothermic reaction. 

After comprehensive consideration of the requirement of each parameter, the feasible 

area is illustrated in terms of H2 production flowrate in Fig. 3(f). It can be concluded that the 

suitable operating conditions are inside the green line. The selected point is 0.5, 0.5 

CuO/CH3OH and MgO/CH3OH mole ratio, which give the high H2 production flowrate, high 

H2 concentration, low CO concentration, and auto-thermal conditions.  

Fig. 3 Effect of CuO/CH3OH and MgO/CH3OH mole ratio on (a) CH3OH conversion; (b) H2 

concentration; (c) CO concentration; (d) heat balance of fuel reactor; (e) heat balance of 

regeneration reactor; (f) feasible area and the selected operating point (CH3OH feed rate = 0.1 

kmol/h, FR temperature = 220 oC, AR temperature = 410 oC, H2O/CH3OH mole ratio = 1.3). 
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3.3 Effect of H2O/CH3OH and reforming temperature 

The effect of H2O/CH3OH and reforming temperature on mole ratio on H2 

concentration, CO concentration, heat duty of fuel reactor, and H2 production flowrate are 

shown in Fig. 4. The results show that higher mole ratio of H2O/CH3OH decreases the H2 

concentration as shown in Fig. 4(a) because the unreacted water with methanol is more remain 

in the gas production. Furthermore, the rising of H2O/CH3OH will increase the energy 

evaporation in fuel reactors (less negative), which is presented in Fig. 4(c). Therefore, the 

suitable mole ratio of H2O/CH3OH should be below 1.5. In terms of reforming temperature, 

increasing fuel reactor temperature will increase the CO concentration from higher methanol 

decomposition in fuel reactor as depicted in Fig. 4(b). However, raising reforming temperature 

will make higher exothermic conditions for regeneration reactor as shown in Fig 4(c). Finally, 

feasible operating conditions are shown in the green area in Fig. 4(d), and the selected point is 

1.3 of H2O/CH3OH mole ratio and 220oC reforming temperature.  

Fig. 4 Effect of H2O/CH3OH and Tempeature on (a) H2 concentration; (b) CO concentration; 

(c) heat balance of fuel reactor; (f) feasible area and the selected operating point (CH3OH feed

rate = 0.1 kmol/h, AR temperature = 410 oC, CuO/CH3OH = 0.5, and MgO/CH3OH = 0.5).

3.4 Performance of HT-PEMFC at different conditions  

Figure 5 illustrates the impact of fuel cell temperature and current density. The model 

operates with a stack consisting of 45 fuel cells, each having a 300 cm² active area. Hydrogen 

(H2) consumption is determined proportionally to the current density, and specific CuO/CH3OH 

and MgO/CH3OH mole ratios are utilized at selected points within the system.  
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For a fixed current density, the system output power and fuel cell efficiency increased 

slightly with an increase in the operating temperature as shown in Fig. 4(a,c). This was caused 

by reducing the ohmic overvoltage loss, and enhancing the exchange current density, 

consequently decreasing the activation overpotential. The increasing current density could 

significantly increase both of stack power and heat generation as depicted in Fig 4(a-b), but the 

fuel cell efficiency decreased. This phenomenon occurs because higher levels of current density 

necessitate greater utilization of H2. However, the increase in power generation is not directly 

proportional to the increase in H2 usage according to Eq. (1). This discrepancy stems from 

energy dissipation in the form of ohmic loss and concentration loss within the fuel cell, evident 

in the increment of heat generation illustrated in Fig. 4(b). For system total efficiency, the 

increment of temperature and current density increase the system total efficiency according to 

Eq. (2). Therefore, The maximum system total efficiency of 41.5% was achieved for the 

proposed system at high current density (above 0.9 A/cm2) and high temperature (above 170 
oC). 

Fig. 5 Fuel cell temperature and current density on (a) stack power generation; (b) stack heat 

generation; (c) fuel cell efficiency; and (d) system total efficiency. 

4. Conclusion

This study involves the development of a HT-PEMFC system integrated with sorption-

enhanced chemical-looping oxidative steam methanol-reforming (SECL-OSRM). An analysis 

of the model was performed to explore the system's operational performance across different 

input parameters. The suitable operating of SECL-OSRM system is mole ratio of CuO/CH3OH 

and MgO/CH3OH at 0.5, 0.5 respectively. The results show the high methanol conversion above 
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99%, with low CO content below 0.3 vol.%, H2 concentration higher than 95 vol.% (free 

unreacted substances), and it can be operated with auto-thermal condition. The maximum 

system total efficiency of 41.5% was achieved for the proposed system at high current density 

(above 0.9 A/cm2) and high temperature (above 170 oC). 
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Abstract 

Acetylation optimizing the glycerol-esterification process with acetic acid to produce 

bio-additive fuel compounds monoacetin (MA), diacetin (DA), and triacetin (TA). Employing 

a modified Indion 225-H resin catalyst. The acetylation study meticulously controls the reaction 

parameters including temperature, molar ratio and catalyst loading range about 7 wt.%, and the 

attain reaction exceeds 90% glycerol conversion within 4 hours. The Optimization study 

various factors within temperature, catalyst loading, reaction time and reactant mixing ratio 

under consist stirred speed of rotates. The 5% loading catalyst (molar ratio 9:1 115°C). The 

optimization condition was reached highest toward selectivity at 3.43%,52.95 and 43.62 toward 

MAG, DA and TAG respectively 4h reaction time. 

Keywords:  Glycerol-esterification; Monoacetin (MA); Diacetin (DAG; Triacetin (TAG); 

Indion 225-H resin; etc. 
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 Introduction 

At present, biodiesel has slightly increased its refinement as a bio-resource fuel.  

Biodiesel produced highly methyl ester of long chain fatty acid via transesterification with 

triglyceride and methanol. The implement of biodiesel production emits crude glycerol as by-

product. In 2020 global biodiesel production has been slightly increased from 22.7 million 

metric tons in 2012 to 36.9 million metric tons. The value of product and by-product demanded 

attention, leading to a surge in the trending over the years cause impacting the environment and 

resource dependency in each country [1-2]. Crude glycerol widely increased as low value by-

product from biodiesel production and is not available in global markets for economical 

purposes. In market biodiesel is related with highly by-production emitting low-cost value with 

highly capacity to contain substances such as crude glycerine and crude glycerol, which can be 

alter chemical vaporization to more value product [3-4]. Crude glycerol can be converted into 

pure glycerol were uses widely commercial and industries such as cosmetics, plasticizer, food 

production and precursor convert to highly value chemical product by abundant various 

chemical reaction and catalytic implement uses servals universally commercial trade, for 

example glycidol, epicholhydrine, acetin, propanediol, acroleine, glycerol carbonate, 

Isopropylidenglycerol and glycidol. Acetin was particulary in value market demand globally in 

2020 [5-6]. Hence, Acetylation in glycerol with carboxyl group like carboxylic acid, acetic acid 

and acetic anhydride has been considered a participant in esterification reactions, resulting in 

the formation of ester product occur continuous reaction three-step reaction, lead to glyceride 

acetates class like monoacetyl glycerol (MAG, monoacetin), diacetyl glycerol (DAG, diacetin) 

and Triacetyl glycerol (TAG, Triacetin). Mono- and diacetin occurr as first-two step reaction 

which is presenting a symmetric difference isomer [7]. Consequently, Mono- and diacetin 

feature two discernible isomers, with monoacetin encompassing 1-monoacetin and 2-

monoacetin, meanwhile diacetin exist as a pair of isomers namely 1,2 diacetin and 1,3 diacetin. 

Both compounds have widespread applications in food industry and biodegradable polymers, 

while TAG attend larger applications. TAG is reputation as bio-additive fuel and bio-plasticizer 

[8]. To perform acetylation, Strong acid and Bronsted acid has been interested using 

homogenous catalysts based on sulfuric acid as functional groups. However, The esterification 

required to develop new types of solid catalysts to replace homogeneous catalysts. Additionally, 

role of catalysts some solid catalysts, e.g. modified clay, zeolite (HZSM-5), heteropolyacids, 

carbon functional based, Nobel metal, zirconia-based metal including ion-exchange resins [9]. 

According to these catalyst, cation-exchange ion showed excellent glycerol conversions 

towards higher selectivity acetin product. Amberlyst particularly ion-exchange resin that 

highest embed sulfonic group functional and physical properties with excellent toward 

equilibrium for reaching triacetin under 1 h. For study parameters influences were achieved 

highly selectively destinated triacetin nearly 60% and 40% selectively of diacetin under high 

reactant molar ratio with glycerol/acetic acid (1:24) and high pressure (200 bar) lead 

temperature to 110°C for 25 h [10]. Despite, the impracticality of the high molar industries 

process and the high costly catalyst like amberlyst not applicate for implements. In this work, 

study influences acetylation condition over alternative resin namely indion-225H, due to 

itsmore price related to economize with similar properties [11]. The impact parameter of 

reaction was analytic with acetic acid/glycerol molar ratio and catalyst loading under difference 

temperature was investigated for optimization in term of glycerol conversion and approaching 

triacetin selectivity. Acetic acid and glycerol high purity grade were of prepared for experiment. 
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Materials 

Acetic acid and glycerol of high purity (> 99.95%) were of analytical grade purchased 

from (Sigma-Aldrich) and isopropyl acetate (Sigma-Aldrich) were considered uses as solvent 

for investigate products (MAG, DAG and TAG) for analysed selectivity product. The 

commercial strong sulfonic acid functional ion-exchange resin (indion-225H) were used as 

esterification catalysts.  

Table 1. Commercial Properties of Indion 225-H (an acidic ion-exchange resins) catalyst [12] 

Physical properties 

Color  

Functional group 

Golden yellow bead 

Sulphonic  

Bulk density, kg/m3 780 

Ionic form as supplied  Hydrogen, H+  

Particle size  0.3 to 1.2 mm 

Average bead size, m  0.0048 

Porosity, %  52.0 

Total ion-exchange capacity, meq H+/g 5.5 (1.8 meq/ml, minimum) 

Specific surface area, m2/g  18-20

Effective operating pH 0-14

Temperature stability  120

Moisture holding capacity 49-55%

Methods 

Gas chromatography analyses were performed every 75 min, using a GC-FID 

(Shimadzu GC-FID 2010) with ZB-5HT (5% phenyl 95% Dimethylsiloxane) fused silica 

capillary column (30m x 0.25mm, film thickness 0.25 µm); carrier gas Helium (0.7 ml min-1) 

temperature injector and detector 250°C, column oven 70°C hold for 5 min then increase to 

130°C at 10 min-1, FID 250°C). For analysis, Product 20 mg from reaction dissolve with 

isopropyl acetate 10 ml, Detector were indicated product exhibiting the retention time at 

(glycerol), 11.5 min, 19 min (monoacetin), 38 min (diacetin) and 48 min (triacetin). These times 

were compared with standard mono-, di and triacetin compound with high purity (Sigma -

Alddrich). The glycerol conversion (XG) and the selectivity to the product (Si) could be defined 

as the following expression equation (1)-(2). 

XG (%) = (1 −
[𝐶𝑖,𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙(𝑡𝑖𝑚𝑒 𝑎𝑡 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑒𝑑 )]

[𝐶0,𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙(𝑖𝑛𝑡𝑖𝑎𝑙)]
) 𝑥 100    (1) 

Si (%) = (1 −
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑒𝑑 𝑡𝑖𝑚𝑒

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑡𝑎𝑙 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙
 ) 𝑥 100          (2) 
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Acetylation reactions in batch system 

All reactions were carried out in batch system. Glycerol (10g; 0.1 mol.), acetic acid 

(39g; 0.64 mol.) and resin catalyst prepared weight as 1%, 3%, 5% and 7% weight of glycerol 

as catalyst percentage loading, were employed the reaction. The reaction was heating separate 

container each reactant (glycerol and acetic acid) until reaching the desired temperature and 

then mixing in a three-neck round. Bottom flasks were adapted to batch-system under 

vigorously stirred for miscibility in an aqueous, the system was equipped with graham helix 

coil-condenser was being apart and thermocouple inside the flask. After reaching the desired 

temperature for reactant mixture then catalyst resin was added with a loading percentage based 

on weight of glycerol. Experimental data under these conditions, with time a variable, were 

collected as study experiment data. 

Results and Discussion 

Effect of the weight catalytic loading 

Glycerol acetylation is a complicate of acid resin catalysed reaction with 3 step 

formation of mono- (MAG), di- (DAG) and triacetin (TAG). Among of the product is reactive 

reaction currently the following as consecutive reaction. The most desired product concern 

DAG and TAG are more value market in acetin productions. The esterification of glycerol with 

acetic acid mechanism of reaction was shown in figure 1. 

Fig 1. Catalytic reaction with indion 225-H resin (ion-exchange resin) 

The comparison of glycerol acetylation over different weight loading was indicated in Table 2, 

it could be seen that Indion 225-H shown highest activity as well DAG and TAG selectivity at 

5% loading to compare with another percentage weight both temperature 115°C and 105°C. 

DAG was the major product with a selectivity of 64.03% were detected but not distinguish 

isomer product and excess DAG to second major product (TAG) with 26.04% selectivity. 

contrarily, the more catalyst weight than 5% its resulting loading 7-9% range give approaching 
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complete glycerol conversion about 99.89% but lower reaching Toward equilibrium for 

synthetic triacetin cause the mass transfer limiting where limited transport efficiently hinder 

rapid exchange acidity group to reactant for toward kinetics [13]. It is well known that the acid 

strength of catalyst has a significant impact on the catalytic activity and reach destinated product 

like triacetin. Theoretically, we can assume a Fischer esterification mechanism begin 

participant of this reactions by exchange proton to carboxyl group emitting water as by-product 

after operating, facilitating nucleophile attack of hydroxide in acetic acid from product 

formatted MAG, DAG and TAG and leave water as by-product [14]. In the result indicated that 

the higher conversion is not necessary accompanied by higher selectivity from temperature 

reaction profiles with each catalyst.  

Table 2. Performance of Indion 225-H resin in glycerol acetylation molar ratio (1:6) under 4h 

with different weight loading catalyst. 

Run 

number 

Reaction parameter 
Conversion 

XG (%) 

Selectivity (%) 

Temperature 

      (°C) 
Wt.% 

Catalyst loading 

SMAG(%) SDi(%) STri(%) 

1 115          1  98.94 26.15 60.16 13.68 

2 115          3  98.26 19.70 59.34 20.94 

3 115          5  99.21 9.92 64.03 26.04 

4 115          7  99.20 19.70 59.34 20.94 

5 115          9  99.30 20.13 60.17 19.67 

6 115      No cat.  24.00 100 0 0 

The influences temperature of acetylation reactions 

The resulting temperature profile for esterification over Indion 225-H resin catalyst and 

different temperatures between 115°C, 105°C and 95°C shown Table 3. Impact of temperature 

were excessing the chemical equilibrium shift toward the product. Furthermore, an excess of 

acetic acid with temperature also slightly increases TAG selectivity, as the temperature close 

boiling point acetic acid (117.9°C) and related to emulsifier properties lead to miscible with 

glycerol for homogeneous phase of reaction. The compete reaction were increasing temperature 

to enhance the selectivity toward DAG and TAG selectivity with a simultaneous decrease of 

MAG and glycerol for conversion. The selectivity of DAG and TAG is prominent at 115°C 

depicted highest destination selectivity of reaction. The superior reaction at each weight loading 

of glycerol weight preferred higher temperature that influences more glycerol conversion and 

desired product compare with 105°C conditions. For optimizing condition reaching to 17.21% 

selectivity, 64.03% and 26.04% selectivity of MAG, DAG and TAG respectively. The Fischer 

esterification also dedicated commonly vary temperature between 100°C and 150°C [15]. 

Elevated temperatures are favored to increase reaction rate in esterification reactions and 

achieve earlier rate into equilibrium [16]. 
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Table 3. Performance of Indion 225-H resin in glycerol acetylation (molar ratio 1:6 glycerol 

with acetic acid under 4h with different temperature profile.) 

Run 

number 

Reaction parameter 
Conversion 

(XG%) 

Selectivity (%) 

Temperature 

       (°C) 

Wt.% 

Catalyst loading 

SMAG(%) SDi(%) STri(%) 

1 115          1  98.94 18.34 65.80 15.86 

2 105          1  98.04 19.67 69.20 11.13 

3 115          3  98.26 17.21 63.60 19.19 

4 105          3  99.16 18.34 65.80 15.86 

5 115          5  99.21 9.92 64.03   26.05 

6 105          5  99.45 11.96 63.64 24.40 

7 115          7  99.20 19.70 59.34 20.96 

8 105          7  99.75 17.62 63.13 19.25 

9 95          5   98.30 13.49 68.40 18.11 

The impact of reaction time 

The impact of reaction time on the glycerol acetylation was studied with different 

loading catalyst and temperature surrounding 1-3 h for appropriate different percent loading 

catalyst the similar pattern for reaction time consumes the time reaction require further glycerol 

conversion. MAG as primarily product was consumed with acetic acid to covert consecutive 

product (DAG and TAG) could be confirmed from the product that after reaching to DAG 

passed to highest selectivity there some decrease to triacetin steadily. While TAG occurring 

through reaction as final product. A relatively small latter fraction DAG is increase. Shown in 

Table 4. Performance of reaction with 4 different gap time for exhibited that reaction time were 

determined glycerol conversion and capability equilibrium shift toward that required low 

produced desired product, when shorter time in case meaning kinetic rate were not 

accomplished to DAG and TAG as major product based on Arrhenius equation outcoming to 

esterification, which mean rate of reaction for DAG is sloppy increase in the of reaction before 

1 h reactions related equilibrium after that, 15 mins after reaction MAG also rapid increases 

rate after drastically decrease for formation as DAG after 30 mins. The distinctive rate for two 

different temperature profile (115°C and 105°C under 15 min at loading catalyst 0.05g) [17]. 

The optimum conditions were faster rate of reaction at lower MAG than 105°C (64.30% 

selectivity; 115°C and 95.36% selectivity; 105°C). However, 105°C, there was a lower 

occurrence of DAG and TAG product compared to the optimum conditions. TAG was 

significantly decidedly increase in both temperatures (Figure 2), with a smaller different 

competition at 4 h reaction time. (26.05% selectivity at 115°C and 24.40% selectivity at105°C). 

This occurred because both reactions were reaching equilibrium around 30 mins. There was 

capable observed the curve after at 30 mins for glycerol conversion becoming to steadily result 

and DAG were lower consumption of TAG as subsequent final products.  Form mathematics 

chemical mole balanced calculation, acetic acid was not totally consumed after a molar ratio of 

more than between 1:3 molar ratio between glycerol and acetic acid, respectively. 
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Table 4. Performance of Indion 225-H resin in glycerol acetylation 

Run 

number 

Reaction parameter 
Conversion 

(XG%) 

Selectivity (%) 

%Cat 

loading 

Temperature 

(°C) 

Time 

(min) 

SMAG(%) SDAG(%) STAG(%) 

1 1 115 60 98.06 41.91 52.64 5.45 

2 1 115 120 98.89 39.14 53.36 7.50 

3 1 115 180 98.94 29.84 58.78 11.38 

4 1 115 240 98.94 18.34 65.80 15.86 

5 3 115 60 97.87 41.75 50.76 7.49 

6 3 115 120 97.31 27.83 60.34 11.83 

7 3 115 180 97.53 25.09 61.86 13.05 

8 3 115 240 98.26 17.21 63.60 19.19 

9 5 115 60 98.31 29.77 59.74 10.49 

10 5 115 120 98.56 20.04 62.59 17.37 

11 5 115 180 98.67 16.02 62.02 21.96 

12 5 115 240 99.21 9.92 64.03 26.05 

13 7 115 60 99.37 31.13 58.98 9.89 

14 7 115 120 99.89 22.97 61.45 15.58 

15 7 115 180 99.93 21.82 60.07 18.11 

16 7 115 240 99.20 19.70 59.34 20.96 

17 1 105 60 96.68 49.53 45.08 5.39 

18 1 105 120 98.04 34.37 56.85 8.78 

19 1 105 180 98.12 30.16 59.35 10.40 

20 1 105 240 98.04 19.67 69.20 11.13 

21 3 105 60 96.40 49.40 44.80 5.82 

22 3 105 120 98.51 33.82 56.67 9.60 

23 3 105 180 99.28 25.09 61.86 13.05 

24 3 105 240 99.16 18.34 65.80 15.86 

25 5 105 60 96.64 31.65 57.05 11.30 

26 5 105 120 98.18 17.92 66.93 15.15 

27 5 105 180 99.89 13.89 65.87 20.24 

28 5 105 240 99.45 11.96 63.64 24.40 

29 7 105 60 98.56 44.84 50.02 5.14 

30 7 105 120 98.26 27.96 58.50 13.54 

31 7 105 180 98.93 19.83 65.18 14.99 

32 7 105 240 99.75 17.62 63.13 19.25 

 The reaction was studied molar ratio 1:6 (glycerol 10 g with acetic acid 39.16 g); under 1-3h with different time 

reaction and varying 1-7 percentage loading catalyst range. 
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Fig 2. Influence of the different temperature on periodic reaction (a) 115°C; (b) 105°C on the 

rate of reaction of glycerol acetylation (Catalyst loading with 0.05 g; the glycerol to acetic acid 

molar ratio=1:6). 

The lower temperature made less stability glycerol conversion, we can assume reversible of 

acetylation reaction, which is product interact hydrolysis with water that leading to reverse 

reaction through glycerol conversion decline in the system, Resulting were shown instability in 

reaction rate. 

The acetic molar ratio 

      The comparison of glycerol acetylation over different weight loading was indicated in Table 

2, it could be seen that Indion-225H shown highest activity as well DAG and TAG selectivity 

at both constant 5% loading weight catalyst and temperature at 115°C to compare the resulting 

data. The optimum reaction was studied controlled with initial glycerol and acetic acid molar 

for catalytic reaction by varying between 1:3 and 1:9. The result is shown in Table 5. 

(a) 

(b) 
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Table 5. Influence of molar ratio under 5% loading catalyst and temperature at 115°C 

Run 

number 

Reaction parameter 
Conversion 

(XG%) 

Selectivity (%) 

Molar ratio 

Gly : AcOH 

Wt.% 

Catalyst loading 

MAG 

 Si (%) 

DAG 

Si (%) 

TAG 

Si (%) 

1 1:3          5  99.01 36.97 53.05 9.96 

5 1:6          5  98.26 9.92 64.03 26.04 

3 1:9  5  99.85 3.43 52.95 43.62 

1:3 molar ratio (13.5 g acetic acid and 10 g of glycerol); 1:6 molar ratio (39.16 g acetic and 10 g); 1:9 (58.9 g 

acetic acid and 10 g with 0.5 g) with loading catalyst weight of 0.5 g; reaction 4 h; Gly = Glycerol; AcOH = acetic 

acid 

The resulting impact of acetic molar ratio with optimum condition higher ratio molar 

relatively led to higher conversion and equilibrium shifting toward to desired product in 

experimental shown 1:9 highest triacetin selectivity (43.61%) for consumption based on Le 

Chatelier’s principle theorical [18]. Both product DAG and TAG increase product distribution 

case interact molecule between acetic acid and glycerol were more occasionally formation and 

better transport for and decrease viscosity from acetic acid of homogenous phase under 

vigorously stirred. 

Conclusion 

Parameter was studied over acidic ion-exchange resins Indion-225H, the catalysts 

showed best performance with selectivity to triacetin of more than 43.61% at complete 

conversion of glycerol (99.85% of glycerol conversion). This could be explained in terms of 

both the strong Brønsted acid sites of these catalysts and physical properties. In addition, 

selective product possible inhibiting effect of transport limiting, and entire reaction system 

(equilibrium limitation) might be constrained. The total number of acid sites effect the reaction 

However, Properties of specific surface area does not begin participating. The acetylation 

reaction also impacts on several parameter such temperature, molar ratio and reaction time as 

mainly factor for experiment. The rate of product selectivity was observed in different time 

reaction and two temperatures (115°C and 105°C), potentially formed by reforming of diacetin 

through at 30 mins were covert to triacetin as desired product. By-product was not being 

detected at low water content after reaction. Influence of glycerol conversion, which can be 

explained first by the weight loading catalyst and temperature direct variations for increasing, 

but its lower selective triacetin as required product, Consequently the chemical equilibrium 

controls were observed product distribution, the result shows indion-225H could not attended 

100% selectivity of triacetin by 1:9 moral ratios at highest temperature in experiment. Indion-

225 H were deactivated beyond temperature stability, it probably cracks of structural effect by 

temperature that made catalytic reaction ineffective reaction. This study demonstrates the 

practical of an alternative acidity-resin catalyst for using into acetylation reaction that cause 

more economical process for producing diacetin and triacetins. 
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Abstract

Conversion of plastic waste (PW) from industry to valuable products such as activated 

carbon (AC) is an interesting and sustainable pathway. This research aims to investigate the

preparation of AC from PW, focusing on the effects of one-step and two-step through potassium 

hydroxide (KOH) activation on the characteristics of AC. Via one-step and two-step KOH 

activation at 800oC in N2, respectively, activated PW (A) and activated pyrolyzed PW (P/A) 

were synthesized. The most suitable AC will be used for catalytic application and the results 

will be presented further.

Keywords: Activated carbon; plastic waste; activation; pyrolysis 

 Introduction 

Plastic waste (PW) has experienced a significant increase worldwide [1]. Examples of 

plastic waste include polyurethane (PU), polyvinylchloride (PVC), and polyethylene 

terephthalate(PET), and recycling of these plastic wastes is of paramount importance. The 

current method of PW recycling widely adopted in many countries, involves mechanical 

grinding, melting, and forming plastic materials. Alternatively, chemical recycling aims at 

recovering monomers and reassemble them into new plastics or chemicals. The application of 

these process, however, can be limited with mixed or heavily contaminated PW. Recently, PW 

has drawn considerable attention due to its high carbon content, leading to its recognition as an 

effective carbon source. This has sparked interest in converting PW into carbon-based materials 

such as activated carbon (AC). AC can be used for catalytic reaction because high surface area, 

functional group and high stability. For example, AC can be modified with Brönsted acid such 

as sulfonic group and etc. This Brönsted acid acted active site for sugar dehydration, cellulose 

hydrolysis, and esterification. Gupta Vipul and coworkers (2021)[2] successfully prepared AC 

from mixed plastic waste, and demonstrated promising results for its use as an adsorbent to 

remove chlorophenolic compounds from wastewater.  

Originally, a two-step activation process was used to synthesize AC. The process involves 

pyrolysis to convert carbonaceous materials such as biomass or plastic into carbon, followed 
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by activation with either an acid (e.g., H3PO4, H2SO4, etc.) or a base (e.g., KOH, ZnCl2, K2CO3, 

etc.) to transform it into AC. This method however suffered from high energy consumption and 

involves multiple preparation steps. Interest has grown in the production of AC using a one-

step activation process. In a previous study, Nan Yao et al.(2023)[3] successfully investigated 

the preparation of AC from PVC using one-step activation varying the ratios of KOH. They 

also compared of characteristics of AC produced using one-step and two-step KOH activation 

with same ratio of KOH. The result revealed that AC produced through two-step KOH 

activation exhibited lower specific surface area, with few pores and cracks. The advantages of 

one step KOH activation were obtained AC which high specific surface area. This study 

therefore aims to investigate the effects of the activation step on the characteristics of AC from 

PW and ensure that activated carbon was stable for fructose dehydration.  

1. Materials and Methods

1.1. Prepare activated carbon from waste 

Activated carbon was prepared using a tubular reactor, comprising a quartz tube, an 

electric heater, and a temperature controller. In the one step method, 1 g of PW and KOH 

as the activator were mixed at mass ratio 1-3 and activated in the tube furnace at 800 oC for 

2 h with ramp rate 13oC/min, under a flow of nitrogen. The tubular reactor was connected 

to an Erlenmeyer flask containing the water to trap toxic gas. After cooling to room 

temperature, the resulting activated carbons were washed and filtered through a Whatman 

filter paper (1) initially with DI water, followed by 10 mmol HCl until pH was neutral. 

Subsequently, the sample was washed by DI water to remove KCl, K2O, and K until the pH 

of the wash water remained constant. The resulting activated carbon was then dried in an 

oven at 110oC overnight. The prepared sample was denoted as “A”. 

In the two-step method, PW was initially heated at 800oC with ramp rate 13oC/min for 

1 hour under nitrogen gas. The reactor was subsequently cooled to room temperature, and 

then 1 g of pyrolyzed PW and KOH as activator were mixed at a mass ratio 1:3. The two-

step method was carried out under the same conditions (temperature and time) as the one-

step method. The prepared sample was denoted as “P/A”. 

1.2. Characterizations 

Various analyses were conducted to evaluate the properties of the activated carbon. The 

Brunauer-Emmett-Teller (BET) method with N2 adsorption was employed to determine 

specific surface area and porosity. Elemental composition, including carbon (C), hydrogen 

(H), and nitrogen (N), was analyzed using an element analyzer. Fourier transform infrared 

(FTIR) spectroscopy was utilized to identify functional groups present on the activated 

carbon. Thermal stability was assessed through thermal gravimetric analysis (TGA) under 

air and nitrogen gas as medium, with a ramping rate of 10°C/min. Additionally, X-ray 

crystallography (XRD) was employed to investigate the degree of amorphousness in the 

activated carbon samples. 
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2. Results and discussion

Following the synthesis of AC from KOH through both the two-step and the one-step 

activation methods, two types of AC were obtained: P/A and A.  The XRD analysis revealed 

the degree of amorphous of AC at 22o. Upon activation, degree of amorphousness increased 

for both P/A and A, as shown in Fig. 1. 

Fig. 1 XRD of A and P/A 

From the elemental analysis results for percentage of carbon (C%), hydrogen (H%), and 

nitrogen (N%) summarized in Table 1. Composition of P/A and A contained carbon content 

around 90%. Comparing P/A and A with the original waste, C% increased by approximately 

20%. In contrast,  N% decreased by around 9% due to the reaction nitrogen with K2CO3 

during the PW activation process [ 4 ] . This result can be attributed to this AC from two 

methods was dominantly stable because of high carbon content. Following activation, 

specific surface area of A and P/A increased from PW and P, respectively. The specific 

surface area of A at 2860 m2/g exceeded that of P/A, at 1460 m2/g. The reason might be 

attributed to the reaction between the chemical composition of PW and KOH[5]. From the 

literature, Oluwatosin Oginni et al.[5] demonstrated that the KOH activation step influenced 

to characteristics of activated carbon from herbaceous biomass. Some chemical 

compositions of biomass can be easily reacted with KOH during activation, leading to 

increased formation of porous. As depicted in Fig. 2, both P/A and A Exhibited Type 1 

isotherm characteristic.  
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Fig. 2 N2 adsorption-desorption of A and P/A 

The thermal stability analysis results shown in Fig. 2. revealed that both P/A and A have 

two decomposition zones. The small weight loss was observed at 100oC was attributed to 

water loss. The rapid weight loss observed at 400oC was a result of the decomposition of 

volatile compound present in the AC. Therefore, both P/A and A demonstrated stability up 

to 400oC. 

Table 1. Elemental composition and specific surface area of PW, P/A, and A. 

Sample Elemental composition Specific surface 

area (m2/g) 

Yield 

(%) C% H% N% 

PW 72.44 2.97 9.56 7 - 

P 81.66 1.17 9.42 2 83.55 

P/A 91.42 0.72 0.55 1406 43.25 

A 90.21 0.86 0.36 2860 37.18 
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Fig. 2 TGA of A and P/A 

Fig. 3 displays the FTIR of the waste, A, and P/A. The adsorption bands corresponding 

to O-H and C-H functionalities were observed at around 3400 and 2700-3000 cm-1, 

respectively. Additionally, peaks attributed to the C=O and C=C conjugated with aromatic 

groups were identified at 1600 cm-1. The vibrations associated with C=O (referring to 

carboxyl group) and C-O bonds were observed at approximately at 1400 and 1100 cm-1, 

respectively.  

Fig. 3 FTIR of A and P/A 
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The characterizations of AC containing high specific surface area, stability, and 

functional groups of AC (e.g., -OH or C-H) were suitable for catalytic application. Previously, 

commercial AC with specific surface area at 800 m2/g was used for functionalization. Acid and 

organosulfur compound were used that reacted with the functional groups of AC. Therefore, 

the synthesis of AC from PW can effectively utilize one-step KOH activation can be used as 

supporter for catalytic application. 

3. Conclusions

AC can be synthesized using one-step KOH activation methods. The properties of AC 

contain a high specific surface area, high stability, and various functional groups. Therefore, 

the one-step KOH activation method proves to be suitable for the preparation of stable AC 

as a supporter. 
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Abstract 

Electric-driven liquid-to-vapor phase transition actuators are a group of outstanding actuators 

with advantages in design and functionalities, such as high power density, high adaptability to 

environments, ease of processing, and high precision in device operation. The advantages make 

the actuators well-suited to be implemented in industrial and electronic devices, vehicles, and 

robots. In this work, we fabricated 20 x 20 mm pouch-type actuators relying on laminated 

aluminum films as the structural material and Dichloromethane as the phase transition fluid. 

The conductive carbon coat was applied to the aluminum pouch's surface as a heat source for 

phase transition. The transition drives volumetric increase inside the pouch and causes 

mechanical deformation in the actuator. The actuators were tested and analyzed for thermal and 

mechanical responses. The fabrication cost, durability, and thermodynamic correlations 

between deformation, force, temperature, and operating time were determined. Our best device 

realized a maximum vertical displacement of 10.82 mm (7.98 times the initial value), yielding 

75% displacement within 30 s. The fabrication cost was determined to be 0.53 USD/device at 

a total weight of 0.35 to 0.42 g/device. The actuator was tested to be cost-effective and high-

performance. 

Keywords: Liquid-to-vapor phase transition actuator; phase transition actuators; pouch motor 

1. Introduction

A liquid-to-vapor phase change actuator converts thermal energy into mechanical work by

exploiting a volume change of a working fluid during phase transition. Recently, liquid-to-

vapor phase change actuator types were developed and have progressed dramatically with 

various designs based on different materials. The progress provides several features, varying 

from tubular steel actuators operating at elevated temperatures [1] to silicone elastomer 

actuators offering flexibility and biocompatibility [2,3]. 

The film-shaped design is popular in phase transition actuators due to its lightweight, 

versatility, and ease of implementation [4,5]. A film-shaped actuator was fabricated using 

several fabrication techniques, including a simple pouch shape using an average thermal 
compressor and a complex structure that requires precise cutting and assembly tools. Such 

devices benefited a broad spectrum of applications, such as robotics, medical technologies, and 

soft electronics, owing to their ability to achieve complex motions and deformations with 

minimal energy input [6.7]. 

There has recently been a growing interest in exploring the potential of liquid-to-vapor 

phase change actuators for diverse applications. However, challenges remain in optimizing 

their performance and functionality, particularly regarding selecting and managing the working 

fluid [8]. In this regard, Dichloromethane has emerged as a promising candidate for such 
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actuators due to its favorable properties, including a low boiling point at 40℃, high vapor 

pressure, and compatibility with standard materials. By varying the amount of Dichloromethane 

within the actuator pouches, it is possible to tailor the performance characteristics of the 

actuators to suit specific application requirements. 

This paper presents a study on the behavior of electric-driven liquid-to-vapor phase change 

actuators that use Dichloromethane as the phase change fluid. The actuators consist of pouches 

made of laminated aluminum films with a conductive carbon coat that serves as a heating 

element. The amount of Dichloromethane in the pouches was varied to investigate its effect on 

the actuator performance. The study aimed to evaluate the thermal and mechanical responses 

of the actuators, such as deformation, force, temperature, and operating time. The study also 

analyzed the actuators' fabrication cost, durability, and thermodynamic correlations. 

2. Materials and Methods

2.1. Materials 

The aluminum laminated film (100 µm thick) was purchased from TSC Intertrade Group 

Co., Ltd. and served as an actuator structure. The film consists of laminated polyester, 

aluminum, and polyethylene layers. The conductive carbon paste (JELCON-18) from Jujo 

Chemical Co., Ltd. and Dichloromethane (99.8%, AR grade) from RCI Labscan Co., Ltd. were 

used as the heater and phase transition fluid, respectively. 

2.2. Actuator fabrication 

Two laminated films were cut (30x50 mm in size). One film was attached with a 3M™ 

scotch tape (0.0625 mm), creating a heater frame. The conductive carbon paste was screened 

on films using the doctor blade technique and blown dry with hot air at 120 ℃. After removing 

the template tape, the screened heater sheet was obtained. The actuator pouch was fabricated 

by sealing the screened and plain films together using a thermo-compressor (PFS-100, 

OKURA), placing the coated film facing outward. The films were sealed according to an 

actuator design, leaving an area of 20 x 20 mm as the pouch storing the working fluid. One side 

of the pouch was left open for injecting the fluid. Dichloromethane was injected into the pouch 

in amounts of 30, 40, and 50 µL, and the samples were labeled as C30, C40, and C50, 

respectively. After injection, the remaining side of the actuator was sealed. A schematic 

diagram of the actuator's design is presented in Fig. 1. 

Fig. 1 A schematic diagram showing a liquid-to-vapor phase change actuator’s design. 
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2.3 Working mechanism 

The actuator relied on pressure change during the transition between the liquid and vapor 

phases. When electricity is applied, the heat generated from the conductive coating increases 

the actuator's temperature and causes the pouch's working fluid to vaporize. The increased 

pressure from the phase transition process causes the actuator to expand and produces force due 

to the vertical growth of the pouch. On the other hand, the pouch can revert to its original shape 

as the vapor condenses into a liquid phase following a temperature decrease during a power 

outage. 

2.4 Deformation evaluation of the actuator with different fluid content 

We evaluated the deformation of the actuator by examining the vertical displacement 

change, response time, and temperature. Actuators with varied Dichloromethane volumes were 

studied at 25V and 0.4A for 60 s. An actuator setup station was designed to hold the sample 

securely in place and prevent actuator damage during the experiment. This setup includes a 

built-in scale and a conductive surface connected to a power supply (Keysight EDU36311A) 

for transferring electricity to the actuators. Additionally, a thermal camera (UTi120Mobile) and 

a video camera (Panasonic HC-V520) were used to gather data from the experiment. A 

computer was employed to control the electrical input power and duration precisely. 

2.5 Output force measurement of the actuator 

An actuator was placed 5 mm below a measuring probe of a force gauge (IMADA DS2-

1000N) and subjected to 25V and 0.4A for 60 s to measure the vertical expansion force of the 

actuator. 

2.6 Cost, durability, and power consumption evaluation 

A comprehensive evaluation was analyzed using three primary criteria—cost, durability, 

and power consumption. Both fabrication and material costs were analyzed to estimate the 

total expenses. The durability of the actuators was tested by subjecting them to repeated 

operations until operational failure occurred. Information concerning the average power 

consumption exhibited by the actuators was provided. 

3. Results

3.1 The correlation between vertical displacement, temperature, and time of varying 

amounts of phase change fluid actuators 

The vertical displacement, temperature, and time correlations of different amounts of phase 

change fluid actuators are shown in Fig. 2.  
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Fig. 2 Deformation evaluation results of the actuators in different relationships: (a) the 

relationship between the vertical displacement and time, and (b) the relationship between the 

pouch surface temperature and time.  

For the vertical displacement experiment, an actuator's pouch expanded at 10 s. The 

displacement increased sharply until the electric power stopped at 60 s. For C40 and C50, pouch 

size increased for 2-5 s after a power outage, which promptly decreased and stabilized at 85 

(C40) and 90 (C50) s. For C30, the pouch continued to expand and remained stable in its high 

displacement state for 20 s before decreasing to its original size. 

The temperature of the C50 sample increased significantly within the first 30 s of operation, 

while the other two samples experienced a temporary drop in temperature during 13-20 s of 

operating time. However, the temperature of all actuators gradually increased and surprisingly 

reached their peak at the same time of 64 s, which is a few s after the electricity was switched 

off before the temperature dropped.  

The highest vertical displacement and lowest maximum temperature were detected in the 

C50 sample, which contains the highest amount of Dichloromethane in all the samples. Detailed 

information of each liquid volume actuator on the vertical displacement (D60) and temperature 

(T60) at the 60-second mark, along with the maximum values of displacement (Dmax) and 

temperature (Tmax) detected from the whole experiment time, are shown in Table 1. 

Table 1. The vertical displacements and temperatures of the actuators at different detected 

times.  

Sample 
D60 

(mm) 

T60 

(℃) 

Dmax 

(mm) 

Time at Dmax

(s)

Tmax 

(℃) 

Time at Tmax

(s) 

C30 9.04 44.5 9.57 66 45.2 64 

C40 9.43 44.5 9.68 63 45.2 64 

C50 10.78 42.8 10.82 62 43.2 64 

3.2 Output force 

Due to the force gauge's limited resolution, we can only receive information when the 

force changes by 1 N. C50 was the only device that produced the maximum output force of 2 

N at 62 s, while the other samples could not achieve the force of 2 N. C30, C40, and C50 

reached the output force of 1 N at 54, 50, and 46 s, respectively.  
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3.3 Cost, durability, and power consumption evaluation 

3.3.1 Cost 

The cost for the fabrication of an actuator was determined based on a small-scale production 

in the laboratory. The production rate was estimated at 5 samples per hour per worker or 40 

devices per day per worker. The total fabrication cost was determined to be 0.53 USD per 

device. Figure 3 displays the estimated expenses for the entire process over a year, including 

material costs, fabrication and testing equipment, facility, and labor at 4.2%, 4.9%, 37.7%, and 

53.2%, respectively. 

Fig. 3 The estimated fabrication expense of actuators with the details in material costs. 

The material cost of the liquid-to-vapor phase change actuator consists of the expenses of 

the conductive carbon paste, driving solvent (dichloromethane), laminated film, and template 

tape. The material costs of fabricating one actuator are around 0.023 USD. Although the 

conductive paste has the highest unit cost at 63.26 USD per 1000g, much higher than the unit 

cost of template tape, it is more cost-effective than the template tape due to the larger supply 

size and the minimal amount of 0.1g required per sample. This results in the lower cost of the 

conductive coating in percentage, which is around 0.0038 USD per device.  

To calculate the yearly cost of producing and testing equipment, we considered the initial 

cost of the devices, their lifespan, and maintenance expenses. The facility cost was also 

calculated by considering the cost of utilities and rent for one year. The facilities and labor costs 

were calculated using the prevailing rates in Thailand for the year 2023. 

3.3.2 Durability 

The study found that the durability of actuators was not significantly affected by the 

different liquid volume conditions. The actuators can perform 10±2 cycles before they stop 

functioning further when applied with testing cycles of a 60-s power loop by waiting for the 

actuator to return to its original form before starting the next cycle. However, the actuator 

performed better when subjected to a different heating program. This program included a pre-

heating phase lasting 30 s before initiating cycles, which consisted of 10 s of power-off followed 

by 5 s of power-on. The actuator achieved more repeating cycles of 30±2 cycles under this 

program.  

3.3.3 Power consumption 

The average electrical power consumption of the C30, C40, and C50 actuators ranges from 

1.261±0.049, 1.176±0.038, and 1.244±0.031 Watts, respectively.  
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4. Discussion

As we observed a decrease in the maximum displacement value with decreasing solvent

volume, this phenomenon is directly linked to the amount of solvent present in the actuators. 

Assuming complete vaporization of the liquid solvent in the expanded state, we adapted a 

simple model from the ideal gas law as shown in Eq. (1): 

𝑉𝑝𝑜𝑢𝑐ℎ =  
𝑉𝑙𝑖𝑞 𝜌𝑅𝑇

𝑀𝑃
(1) 

, in which 𝑉𝑝𝑜𝑢𝑐ℎ  represents the pouch volume, 𝑉𝑙𝑖𝑞 is the liquid volume, ρ is the density of

the driving solvent, M is the molar mass of the liquid, R is the gas constant, P is the pressure 

inside the actuator pouch, and T is the temperature of the liquid.  

When testing actuators with different liquid volumes under identical environmental and 

temperature conditions, the pressure inside the pouch cannot surpass the solvent's vapor 

pressure at the given temperature. This is the equilibrium condition for evaporation. Therefore, 

we can assume that the pressure inside the pouch will remain the same as the solvent's vapor 

pressure at a specific temperature. As a result, the actuator with a higher liquid volume has the 

capability to create a larger volume of gas inside the pouch, which leads to an increase in the 

maximum vertical displacement. In addition, the higher pressure inside the actuator pouch 

generates a more expansive force. This is why the C50, which has the highest vertical 

displacement, also achieves the most detected output force.  

On the other hand, the larger liquid volume also increased the heat capacity, which makes 

the actuator require more energy to heat up, as indicated in Eq. (2): 

𝑄 = 𝐶∆𝑇 = 𝑚𝑐∆𝑇 (2) 

, where Q is the amount of absorbed heat energy, C is the heat capacity, m is the mass of 

the substance, c is the specific heat capacity, and ΔT is the corresponding temperature change. 

When we apply the same amount of electricity or heat energy to two different actuators, the 

one with higher liquid content (more mass volume) will increase in temperature at a slower 

heating rate than the one with lower liquid content. This means that at the same operating time, 

the actuator with higher liquid content will have a lower temperature compared to the one with 

lower liquid content. For example, in the case of C50, the heating rate is around 0.225 ℃/s, 

whereas in the case of C30, it is around 0.272 ℃/s. 

Regarding the relationship between vertical displacement and temperature, it should be 

noted that the highest temperature does not necessarily lead to the highest deformation. 

Additionally, similar temperature gradients do not always result in similar displacement values. 

For example, the C30 and C40 samples exhibit a similar temperature trend but differ in their 

vertical displacement values. Therefore, we are unable to determine the effect of temperature 

on actuator deformation at this time due to a limited number of samples. However, collecting 

additional data will provide us with the necessary information to make informed decisions and 

improve our understanding of this critical issue. 

In our pursuit of developing actuators that offer optimal performance at a low fabrication 

cost, we selected Dichloromethane as an attractive phase change fluid for actuators that operate 

at room temperature after considering other working fluids in this research field. The properties 

of working fluids used in the liquid-to-vapor phase change actuators are shown in Table 2. 
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Table 2. The properties of phase change fluids at 1 atm in liquid-to-vapor transition actuator 

research 

Fluids 

Boiling 

temperature 

(℃) 

Latent heat of 

vaporization 

(cal/g) 

Flammability 

at room 

temperature 

Ref 

Dichloromethane 40 78.7 No This work 

Novec™ 7000 34 33.9 No [4-8] 

Acetone 56 122 Yes [4,8] 

Ethanol 78 220 Yes [2,3,8] 

Water 100 540 No [1] 

The performance of actuators can be predicted by considering factors such as boiling 

temperature and latent heat of vaporization of phase change fluids. Fluids with a smaller 

differential in boiling point compared to room temperature, as well as lower latent heat of 

vaporization, may result in a faster shape-changing response of the actuator when exposed to 

the same amount of energy under equal conditions. For instance, Narumi and colleagues [5] 

demonstrated this with their Novec™ 7000-filled actuator, which expanded a rectangle-shaped 

actuator measuring 25 x 15 mm in just 35 s. While their performance surpasses that of our 

actuator, direct comparison is still challenging due to differences in design and experimental 

conditions. However, our work demonstrated an easy and low-cost fabrication procedure, 

resulting in a lower fabrication cost per actuator (0.53 USD) compared to Narumi’s work (1 

USD). 

Although Dichloromethane is not the best candidate in terms of performance when 

compared with Novec™ 7000 with the above factors, it presents better advantages in terms of 

cost, ease of supplementation, use, and storage. Dichloromethane costs 32 times less than 

Novec™, priced at around 11.33 USD/L compared to Novec™ 7000's 363.62 USD/L. 

Additionally, it offers more options for supplementation from various manufacturers, fostering 

price competition, unlike Novec™ 7000, which is exclusively produced by 3M™ Company 

and requires an import process for use in our laboratory based in Thailand. Moreover, with a 

higher boiling point, an actuator filled with Dichloromethane can ensure that it does not expand 

on its own due to rising environmental temperatures on hot days (≥ 35℃), as indicated by the 

Thai Meteorological Department [9]. This feature results in ease of storage compared to 

Novec™ 7000. Additionally, Dichloromethane also inflammable in the operate condition which 

is enhance the user safety compared to the flammable fluids. 

5. Conclusions

We introduced a low-cost and easy-to-fabricate liquid-to-vapor phase change actuator. The

proposed electric-driven actuator provided a lightweight and low-power consumption design. 

Through rigorous testing and analysis, our study demonstrates the efficacy and cost-

effectiveness of the developed actuators. The best-performing device achieved a substantial 

maximum vertical displacement of 10.82 mm, showcasing impressive dynamic capabilities 

with 75% displacement within 30 s of the operation. The fabrication cost was found to be 

economically viable, further highlighting the feasibility and potential of these actuators for 

practical deployment. 
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Abstract 

Municipal Solid Waste (MSW) management, particularly disposal as open dumps are 

nationwide crisis resulting into the global warming and climate change issues. Plastic wastes 

are certainly crucial problem, on contrary, considered as sustainable sources of energy. 

Plastics co-mingled with other wastes, i.e., biomass and sludge, is an interesting research 

trended in enhancing the yield and property of oil products toward taking advantage of 

flexible resources and sustainable fuel development. This study aims to investigate the 

influences of dried sludge acquired from wastewater treatment plant co-pyrolyzed with mixed 

plastics (polyethylene; PE, mixed with polypropylene; PP) using a fixed-bed reactor. The 

products yields and compositions were determined via the individual pyrolysis process of 

plastics and sludge at temperature of 500
 o

C, and their synergistic effects (25, 50 and 75 %wt

of sludge in plastic wastes) were also explored under the inert atmosphere, 100 ml/min of 

nitrogen, with 60 min of reaction time. The experimental results revealed that decomposition 

of plastic pyrolysis was significantly improved when the mixing ratio of sludge was 

increased. However, the oil yield of plastic co-pyrolyzed with 25 %wt of sludge was 

reportedly achieved about 51 %wt which rose up to about 20% from the pure plastics used as 

feed. Moreover, the higher mixing ratios, the lower oil yields were obtained. 

Keywords: Plastic wastes; Sludge; Synergistic effects; Pyrolysis, Fuel 

1. Introduction

Municipal solid waste (MSW) is a combination of diverse solid waste materials that result

from human activities. These wastes consist of a wide range of substances such as food waste, 

paper, biomass, glass, metals, plastics, rubbers, and textiles. MSW management presently 

involves landfill, composting, and incineration, etc. In term of energy aspects, liquid fuel 

converted from MSW via thermo-chemical processes has played an important role as value 

creation of wastes. Apart from conventional biofuel production through chemical or 

biological pathways, liquid fuel derived from solid wastes has been getting a high attention 

[1]. 

Pyrolysis is a thermal process applied to decompose the organic materials in oxygen-free 

atmosphere, resulting in the production of gaseous, liquid, and solid products. The amount 

and composition of those are depended on the pyrolysis conditions, i.e., types of the reactor, 

characteristics of material, heating rate, reaction time, temperature, pressure and, also, the 

presence of catalysts [2]. Liquid product obtained from the process, can be directly utilized as 
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an alternative fuel or incorporated with petroleum refinery [3]. Solid product, called char, 

leftover from the pyrolysis has several applications, i.e., the sources of activated carbon, 

catalysts, etc. Gas produced during pyrolysis also holds potential as a gaseous fuel.  

In this study, the production of pyrolysis oil using a laboratory scale setup of fixed-bed 

reactor was investigated. The product yields and chemical properties were determined and 

compared at different residence time and ratios of sewage sludge to assess its characteristics. 

2. Materials and Methods

2.1 Materials 

The plastic wastes were collected from TISTR’s Municipal Solid Waste Management, 

Tan Diao Model, Tan Diao sub-district, Kaeng Khoi district, Saraburi province, in Thailand. 

The sample of plastic wastes consisted of 90% polyethylene (PE) and 10% polypropylene (PP) 

by mass with crushed particles ranging of 1 - 5 mm, approximately. The dried sludge waste 

was received from the waste water treatment facilities of an ice cream factory. 

2.2 Methods  

2.2.1 Batch pyrolyzer 

The mixed plastic waste feedstock was subjected to pyrolysis using a fixed-bed stainless 

steel reactor with an externally heated electrical furnace. The reactor had a volume of 600 ml 

and an internal diameter of 47 mm. The configuration of the fixed bed pyrolysis system can 

be observed in Fig. 1. A weighed sample of 20 grams, along with glass balls and glass wool 

as the media, was introduced into the reactor. The pyrolysis process was carried out by 

gradually increasing the temperature from room temperature to a final temperature of 500 ºC 

[2,4], while maintaining different residence time of 60, 90 and 120 min. The system was 

thoroughly purged by N2 gas with a flow rate of 100 ml/min. The liquid product was 

condensed in a series of tar trap cooled in a water bath at 0 ºC meanwhile the non-

condensable gas was sampled by a gas bag for analysis. In Fig.2, the oil phase apparently 

separated from aqueous solution was then simply taken using a separation funnel. The solid 

portion was determined by measuring the overall weight loss of reactor. Yields of each 

product were calculated using equation (1) and gas fraction was determined by difference.  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 =
𝑊𝑖  𝑥  100

𝑊𝑟𝑎𝑤  𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
     , i = oil, aqueous, solid   (1) 

2.2.2 Characterization of liquid products 

The oil product derived from the pyrolysis process underwent characterization using gas 

chromatography-mass spectrometry (GC-MS). The analysis was conducted using a 7820A 

model GC with a 5975-mass selective detector. A DB-5HT column measuring 60 m x 0.25 

mm (I.D) x 0.10 µm was utilized and helium was employed as the carrier gas at a constant 

flow rate of 1 ml/min. The initial oven temperature was set at 40 ºC and subsequently 

increased to 100 ºC at a heating rate of 3 ºC/min. It was then further raised to 370 ºC at a 

heating rate of 5 ºC/min and maintained at that temperature for 25 minutes. A split ratio of 

20:1 injection was applied at 280 ºC. The ion source and transfer line temperature were 

maintained at 230 ºC and 320 ºC, respectively. Data acquisition was performed in the full-

scan mode within the m/z range of 20 to 800. Chromatographic peaks were identified by 
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referring to the NIST mass spectral data library. The percentages of the peaks were calculated 

based on the peak area of the total ion chromatogram (TIC). 

 Fig. 1 Schematic diagram of a fixed-bed reactor for pyrolysis process 

Fig. 2 The laboratory scale setup of pyrolysis process and the obtained products 

2.2.3 Characterization of gas products 

The non-condensed gas products were subjected to analysis using an Agilent GC 7890B 

gas chromatograph. This instrument was equipped with two detectors, namely a thermal 

conductivity detector (TCD) and a flame ionization detector (FID), and employed four 

chromatography columns: Porapak Q, Molsieve 13X, HP-AL/S, and GS-Oxyplot. Helium 

was utilized as the carrier gas throughout the analysis. The temperature of the columns was 

programmed to follow a specific sequence: initially maintained at 45 °C for 2 minutes, then 

increased to 120 °C at a rate of 15 °C/min, further raised to 180 °C at a rate of 12 °C/min, and 

finally held at the last temperature for a duration of 26 minutes.  

3. Results and Discussion

3.1. Properties of feedstock 

The mixed plastic wastes and sewage sludge used in this study are given in Table 1. 

Oil phase 
Aqueous phase 

Solid  Gas  
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Table 1 Characterization of raw material 

Properties Mixed plastic wastes Sewage sludge 

Proximate analysis (%wt, dry basis) 

Moisture 0.46 9.76 

Volatile matter 97.61 84.03 

Fixed carbon 0.01 7.29 

Ash 2.38 8.68 

Ultimate analysis (%wt, dry basis) 

Carbon 83.61 48.91 

Hydrogen 14.14 7.70 

Nitrogen 0.20 6.38 

Sulfur 0.02 1.07 

Oxygen * N/A 27.26 

High heating value (MJ/kg) 43.16 21.65 

Low heating value (MJ/kg) 40.15 19.77 

* By difference

3.2. Effects of residence time 

The products obtained from the pyrolysis of plastic waste are oil, char, and gas operated 

at temperature of 500 ºC. Each product yield was determined in percentage by weight (%wt) 

shown in Fig. 3. The liquid yields were about 23.6, 30.9, and 36.1 %wt within residence time 

of 60, 90, and 120 min, respectively. The increase of reaction time promoted the fractions of 

liquid and gas, though the solid decreased. The liquid yield possibly decreased in longer 

residence because the decomposition effect of small HCs into gas was occurred [5]. The oil 

fraction, however, is resulted from the performance of liquid condensers as well.  

Fig. 3 Product yields obtained from pyrolysis of plastic waste at different time (500 
o
C)

A shorter retention time is aided the creation of primary products, i.e., monomers, while 

the creation of more thermodynamically stable products, i.e., H2, CH4 and aromatics, are 

linked to longer time. Slow pyrolysis (and batch process), which is the conventional pyrolysis, 

presents residence time as the duration when the waste plastic begins heat up to that when the 

products are attained [4]. With a longer time, a further conversion of the primary products 
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into secondary ones (such as light molecular hydrocarbons and non-condensable gases), 

which are more thermally stable, is achievable [6]. Miller studied a pyrolysis process for 

conversion of plastic to lubricating oil obtained the oil yields in range of 37-57 %wt above 

temperature of 385 °C [7].

3.3. Effects of sludge mixed in plastic waste for pyrolysis 

The pyrolysis of plastic waste (PW) mixed with sewage sludge (SS), at temperature of 

500 
o
C and time of 60 min, at several ratios, i.e., 100:0, 75:25, 50:50 25:75 and 0:100 by

weight. The results found that liquid products obtained from the co-pyrolysis of plastic and 

sludge, ratio of 25-100 %wt, had physical appearances into 2 phases, usually named oil and 

aqueous phases. The portion of aqueous product was higher when increasing the amount of 

sludge. Fig. 4 presents that oil fraction increased from 23.6 to 54.2 %wt when adding the 

amount of sludge to 25 %wt. However, the oil products were lowered when increasing the 

amount of sludge to 50-100 %wt. Meanwhile the solid parts decreased from 50.6 to 13.1 %wt 

when the sludge was added about 25 %wt. On the other hand, the amount of solid char was 

more leftover when the sludge was increased to 50-100 %wt, as shown in Fig. 4.  

Fig. 4 Product yields obtained from co-pyrolysis of plastic waste and sludge at different ratio 

(500 
o
C and 60 min)

As results, the process of plastic co-pyrolyzed with 25 %wt of sludge was the optimal 

ratio in term of oil yield. Because the minerals and oxygen-contained substances existed in 

the sludge, listed in Table 2, could probably enhance the de-polymerization of plastic 

feedstock during the process. The results also show a trend of further reactivity to produce 

more gaseous products when the portion of sludge was increased. The characterization of oil 

samples obtained from the investigation compared between plastic pyrolysis and co-pyrolysis 

of plastic with 25%wt of sludge is given in Table 3. The calorific values of oil produced from 

the feedstock are 45.67 and 44.29 MJ/kg, respectively.   

Table 2 Components of mineral oxides in the sludge 

Composition CaO Al2O3 SO3 P2O5 SiO2 Na2O Fe2O3 MgO Cl 

%wt 33.2 20.4 15.3 13.0 10.2 2.54 2.18 1.01 1.00 
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Table 3 Properties of oil product obtained from the pyrolysis process 

Type of oil products 
Elemental composition (%wt) High heating 

value (MJ/kg) 

Low heating 

value (MJ/kg) 
C H N S O* 

Plastic wastes 86.54 13.32 0 0.09 0.05 45.67 42.77 

Plastic wastes + Sewage sludge

(75:25) 
79.47 13.15 0.12 0.03 7.22 44.29 41.51 

* By difference

3.4. Characterization of py-oil and py-gas products 

The pyrolytic oil composition was characterized using GC-MS. The distribution of 

hydrocarbon components in oil was determined using a semi-quantitative study by means of 

the percentage area of the chromatographic peaks. Fig. 5 illustrates the chemical-based 

components of pyrolysis oil operated at reaction temperature of 500 ºC and residence time of 

60 min. The most important point in investigating the similarity of oil as a fuel is the aliphatic 

compounds, i.e., alkanes and alkenes. As GC-MS results, the oil obtained from the plastic 

waste has substances of carbon distribution in range of C5-C26 which is more gasoline-liked 

hydrocarbons. Furthermore, Al-Salem found that most (> 96%) of pyrolysis oil formed by 

pyrolyzing HDPE in temperature range of 500–800 °C was aliphatic C8-C12, and C13+ could 

be found when increasing temperatures [8].  

Fig. 5 Hydrocarbon distribution of py-oil obtained from co-pyrolysis of plastic waste and 

sludge at different ratio (500 
o
C and 60 min)

In Fig. 6, the oil product derived from the plastic waste is presented acidic property. The 

pH value is around 4. On contrary, the oil produced from the sludge pyrolysis is alkaline 

basis, pH value of 9-10. The elemental composition of the sludge shows that the amount of C, 

H, N, S and O were 48.91, 7.70, 6.38, 1.07 and 27.26 %wt, respectively, and its oxide 

components are apparently alkali dominated. Therefore, the oil received from the co-pyrolysis 
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of plastic and sludge have pH values in the ranges of 6-8, indicating that the utilization of 

sewage sludge in pyrolysis process could appropriately improve the oil portion and its acidity. 

However, the py-gas analyses are exhibited slightly different in each fraction of hydrocarbon 

gas distribution as seen in Fig. 7.   

Fig. 6 pH of py-oil obtained from co-pyrolysis of plastic waste and sludge at different ratio 

(500 
o
C and 60 min)

Fig. 7 Carbon distribution of py-gas obtained from co-pyrolysis of plastic waste and sludge 

at different ratio (500 
o
C and 60 min)

4. Conclusions

This study carried out the plastic pyrolysis and synergistic effects of sludge co-pyrolyzed

with plastic waste collected from Tan Diao community’s municipal solid waste management. 

The oil product was achieved approximately 54 %wt increasing from 24 %wt, only plastic as 

feed, when the plastic mixed with 25 %wt of sewage sludge. The oil was characterized by 

GC-MS and the results were determined as gasoline-liked oil with the major proportion of 
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alkanes and alkenes. The optimal mixing ratio of plastic and sludge, 25 %wt, for pyrolysis 

showed the highest yield and the pH value of 6-8, which is nearly neutral and potentially 

applied in the agricultural machines.  
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Abstract 

Two hydrochars were produced from palm oil empty fruit bunch (EFBs) using hydrothermal 

carbonization (HTC) at a temperature of 240 °C for 2 hour. These hydrochars, namely 

conventional hydrochar (CH) and H2SO4-assisted hydrochar (A-CH). They also were 

developed to enhance higher porosity by KOH chemical activation using appropriate 

conditions, including a weight ratio of 1:1 between hydrochar and KOH, an activation 

temperature of 800 C, and a duration of 1 hour, namely CH-K and A-CH-K. The results 

showed H2SO4-assisted HTC plus KOH activation (A-CH-K) produced the exellent properties 

porous carbon that contained surface area 1,348 m2/g, pore volume 0.83 cm3/g and proper pore 

size in mesoporous range 2.47 nm. CH and A-CH provided the same chemical functional groups 

such as C-H, C-O and C=O, but all dispeared after the KOH activation. A-CH-K showed the 

highest amount CO2 capture as 1.002 mmol CO2/g.         

Keywords: Palm oil; Empty fruit bunch; Porous carbon; Chemical activation; CO2 capture. 
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1. Introduction

During the palm oil extraction process, an enormous amount of empty fruit branches (EFBs) 

is wasted. This waste was processed in a variety of ways, including landfill disposal and use as 

boiler fuel and fertilizer. It has undergone thermochemical conversion to carbon-based products 

such as pyrolysis, carbonization, activation, gasification, and hydrothermal carbonization 

(HTC). These reactions produce carbon-based compounds in gaseous, liquid, and solid phases. 

The hydrothermal technique was chosen for this study because the reaction requires water as a 

precursor and the high moisture raw material, which were EFBs abandoned from a palm oil 

processing factory in Thailand. HTC typically creates "hydrochar" a solid carbon with several 

functional groups (Śliz & Wilk, 2020). Hydrochar benefits from low energy consumption and 

high production rate; nevertheless, both pore volume and specific surface area are low (Sun et 

al., 2014), which may require a more modified procedure for various applications such as 

adsorption, catalyst support, and solid fuel. Because of the many functional groups of 

hydrochar, the application of adsorption was investigated, particularly for adsorbates that are 

inert or difficult to make chemical bonds, such as CO2. Previous research has shown that 

hydrochar can be a dominant adsorbent in a variety of processes. (Zhang et al., 2022) used HTC 

to transform Chinese medicine industrial waste into hydrochar, which showed high methylene 

blue adsorption efficiency. (Huang et al., 2019) created the adsorbent from garlic peel using 

HTC and KOH activation. It was discovered that it has the highest CO2 uptake of up to 4.22 

mmol/g at 25 °C and 1 bar due to its increased microporosity of up to 98% and many 

narrow micropores. (Zhang et al., 2020) improved the surface area of pristine hydrochar by 

activating it with CO2 for acetone and cyclohexane adsorption. As a result, the pristine 

hydrochars had lower VOC adsorption (13.24-24.64 mg/g) than the activated hydrochars 

(39.42-121.74 mg/g). (Benedetti et al., 2019) transformed biomass from gasification procedures 

into char before activating it with KOH and ZnCl2 to produce activated carbon. It was evaluated 

the CO2 adsorption efficiency by using thermogravimetric analysis and found that the material 

showed the CO2 adsorption efficiency at 3.7 % uptake. However, several research have reported 

that the strong basic such as KOH effect destroys the cellulose structure and increases the 

biomass porosity. This study looked into the feasibility of using hydrothermal carbonization to 

produce hydrochar from moisture-rich EFBs abandoned by the palm oil industry. However, 

adding an activator to HTC accelerated the hydrolysis and dehydration processes that may take 

place at lower temperatures, as well as the formation of chemical functional groups and porosity 

(Sarwono & Kurniawan, 2017). The use of an acidic H2SO4 activator in the HTC process 

appears to result in uniformly porous hydrochar. Whereas using H2O2 as an activator boosted 

both the oxygenated functional groups and the porosity of hydrochar (Jain et al., 2015).   

This study focuses on the conversion of palm oil EFBs into value-added products for 

CO2 capture. Four materials were investigated: conventional hydrochar (CH), conventional 

hydrochar-assisted H2SO4 (A-CH), conventional hydrochar-activated KOH (CH-K), and 

conventional hydrochar-assisted H2SO4-activated KOH (A-CH-K). The resultant biochars were 

evaluated for physical characteristics like surface area and morphology, as well as chemical 

functional groups. Finally, it was evaluated the CO2 adsorption efficiency via thermal-

gravimetric analysis. 
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2. Materials and Methods

This study used EFBs obtained from the oil palm industry in Thailand as raw material. The

EFBs were dried in the oven overnight at 105 °C before being crushed into small pieces with 

the crusher machine. The EFBs were sieved with a mechanical sieve with a maximum size of 

2 cm. The hydrothermal carbonization (HTC) was carried out in a 4.5 L hydrothermal reactor. 

EFBs and water were weighed at a constant ratio of 1:10. EFBs and water were used in the 

reaction at a constant weight ratio of 1:10. Temperature was constant 240 °C, and operating 

times 2 hour under the N2 atmosphere throughout the entire operating time. This product 

obtained was called conventional hydrochar or “CH”. Replacing hydrolytic solutions of 0.1 M 

H2SO4 with pure water would obtain conventional hydrochar-assisted H2SO4 or “A-CH”. Both 

CH and A-CH were activated by KOH by varying weight ration 1:1 under 800 C for 1 hour, 

then “CH-K” and “A-CH-K” were produced (Fig.1). An automated gas adsorption analyzer 

from Quanta Chrome AUTOSORB IQ station 1 was used to characterize surface area, pore 

size, and pore volume. The morphology was captured using a JEOL JSM 7800F scanning 

electron microscope (SEM). The chemical functional groups (CFG) in the biochars were 

identified using Shimadzu model IRresting-21 Fourier Transform Infrared spectroscopy 

(FTIR). Finally, four materials were evaluated the CO2 adsorption efficiency by using thermos-

gravimetric analysis. 40%vt of CO2 was fed in the chamber of TGA under 20 ml/min and 

isothermal conditions. The weight change of sample from 0 to 105 min was collected and 

evaluated the % adsorption of CO2.  

Fig.1. Product preparations 

3. Results and Discussion

Figure 2 shows SEM pictures comparing the surface appearance and physical attributes of

EFB and hydrochar. As expected, a significant difference was seen. Fig. 2A shows that raw 

EFB has a cellular structure similar to lignocellulosic biomass and has many holes. The HTC 

process caused the lignocellulosic structure to burst into fragments. Gas release from volatile 

matter resulted in the formation of tiny pores in CH (Fig. 2B). Samples produced with sulphuric 

acid (A-CH) showed more tiny porous structures. The surface appears to have a more 

rectangular shape. H2SO4 is a strong dehydrating agent, which may stimulate the creation of 

these types of structures (Fig. 2C).  
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Fig.2. Materials from HTC (A) EFBs (B) CH (C) A-CH 

After KOH activation, there were the different morphology of CH-K and A-CH-K in Fig. 3. 

The SEM photo of CH-K showed in Fig. 3B that a uniformly tiny porous was developed, and 

many pores were developed by the KOH's reaction. While A-CH-K showed that the external 

surfaces for are full of cavities and quite large irregular because of KOH activation. Activation 

at 800 C with KOH resulted in the creation of more pores and substantial removal of volatiles. 

It seems that the usage of H2SO4 as an activator on the HTC process (A-CH), affecting the 

weakened EFBs structure. Then KOH reaction in activation process made the A-CH-K surface 

seems larger than CH-K. 

Fig.3. Materials from KOH activation (A) CH-K (B) A-CH-K 

Table 2 showed the specific surface area (BET) of four materials. It seems that CH from 

conventional HTC contained slightly low surface area with the large pore. Although, the usage 

of H2SO4 in HTC process (A-CH) created the higher surface area and decreased the pore 

diameter as 4.32 nm which was the useful pore size for adsorption than 10.89 nm, A-CH 

contained the shallow volume which may lead the low efficiency adsorption. The results of 

surface area of CH-K and A-CH-K confirmed the SEM photo because their surface area rise 

higher than 10 times. CH-K surface area was 931.00 m2/g, while the CH pre-modified with 

H2SO4 showed the surprising surface area as 1348 m2/g. Additional, the pore diameter of CH-

K and A-CH-K were in range of lower mesoporous (2.00 ) which was the benefit for 

adsorption process because it is compatible with several type of adsorbate molecules and effect 

the high mass transfer rate into the pore structure.     

A B C 

A B 
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Table 1. Physical properties of samples 

Materials 
surface area 

(m2/g) 

pores volume 

(cm3/g) 

Average pores diameter 

(nm) 

CH 11.91 0.03 10.89 

A-CH 84.31 0.03 4.32 

CH-K 931.00 0.47 2.70 

A-CH-K  1,348.00 0.83 2.47 

Figure 4 shows the FTIR spectra of the chemical functional groups (CFG) of EFBs with 

O-H stretching (hydroxyl group 3,200-3,500 cm-1), C-H stretching (aliphatic groups 2,840-

3,000 cm-1), C=O stretching (carbonyl group 1, 705-1,725 cm-1), and C-O. They were stretching

bands made of lignocellulosic material. After HTC at 240 °C or sample CH, the bands of

hydroxyl  O-H stretching at 3,200-3,500 cm−1 disappeared, whereas the peak of C-H stretching

at wavenumber at 2,840-3,000 cm−1 was reduced. The ketone C=O groups at 1,705-1,725 cm−1

and C-O remained stable during the HTC process. There was no change in CFG when HTC

added H2SO4 as an activator (A-CH), which was similar to CH. For CH-K and A-CH-K, which

were activated by KOH at 800 C, it was found that all CFG were dispersed due to the high-

temperature impact.

Fig.4. FT-IR spectra of various samples 

Figure 5 demonstrates that the adsorption of CO2 is significantly affected by the surface 

area of the sample, suggesting that A-CH-K presented the highest CO2 capture at an amount of 

1.002 mmol CO2/g. Based on the prior FTIR analysis, it was determined that A-CH-K no longer 

contains any CFG. This CO2 absorption is mainly a result of physical adsorption. However, the 

porous volume is highly efficient. An analysis of the adsorption properties of CH and A-CH 

revealed that their CO2 adsorption capacities are highly similar. Both samples had an equal 

amount of porous volume while having surface areas that differ by over 8 times. It showed that 

the CO2 molecules could only diffuse into the external surface. 
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Fig.5. CO2 adsorption of various samples 

4. Conclusion

The sample from H2SO4 assisted HTC (A-CH) effect the increasing of external surface 

area from 11.91 to 84.31 m2/g but does not change the pore volume of CH. However, A-CH 

and CH samples contained the same chemical functional groups. The modified sample with 

KOH activation (CH-K and A-CH-K) developed the large amount of surface area and pore 

volume and also the proper pore diameter for adsorption mechanism. The CO2 capture results 

showed that its efficiency mainly depended on surface area than chemical functional groups 

and A-CH-K showed the highest amount capture as 1.002 mmol CO2/g.    
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Abstract 

The intensifying issue of plastic waste and widespread use of petrochemical resources for 

single-use plastics has become a global concern that requires urgent attention. Polyethylene 

terephthalate (PET) is one of the most widely produced single-use polymers globally. Although 

mechanical recycling is widely used for recycling PET, this process presents challenges due to 

the loss of mechanical and chemical properties during reprocessing. Chemical recycling such 

as hydrothermal depolymerization is a potential alternative pathway to recover terephthalic acid 

(TPA) monomers from PET waste. In this work, waste PET bottles were completely 

depolymerized using alkaline hydrolysis. Effects of experimental parameters, such as NaOH 

concentration, hydrolysis time and ethanol concentration on TPA yield, were investigated. The 

results revealed that adding ethanol in alkaline hydrolysis not only accelerated 

depolymerization of PET but also aided in separation of TPA product, enhancing overall 

efficiency of the process. In the presence of ethanol as a co-solvent, the highest TPA yield of 

96% was achieved at reaction of 3 h with ethanol of 75 vol%. In contrast, when using an 

aqueous system without ethanol, it required a reaction time of 6 h to achieve 100% conversion 

of PET, with a resulting TPA yield of 90%. In addition, the structure of the obtained TPA was 

confirmed by FTIR and NMR spectroscopy. These results provided a promising approach for 

degradation of PET to obtain TPA, which can be potentially used as a crucial precursor to 

produce various products such as new PET polymers, biodegradable plastics, and metal-organic 

frameworks. 

Keywords: Polyethylene terephthalate; Terephthalic acid; Hydrolysis; Depolymerization 

1. Introduction

Over the last few decades, the widespread manufacturing and usage of polyethylene

terephthalate (PET) has caused environmental concerns, primarily associated with the 

aggregation of post-consumer PET in the environment. In this regard, recycling PET plastics is 

considered as an effective strategy to address the environmental impact of PET [1]. Currently, 

mechanical recycling is the most common method to recycle waste PET. This method includes 

techniques such as grinding and melting to obtain recycled PET particles. However, these 

processes face challenges related to the potential loss of quality in recycled products due to the 
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varying degrees of polymer degradation. Chemical recycling, notably through hydrothermal 

depolymerization, presents a promising alternative to the conventional mechanical recycling of 

PET waste. This method enables the recovery of terephthalic acid (TPA) monomers from PET 

waste, facilitating their utilization in closed-loop applications subsequent to depolymerization 

[2]. TPA is recognized as a crucial chemical in the synthesis of PET and other valuable 

chemicals. Its global annual production has reached a substantial 107.66 million tons as of 2030, 

exhibiting a noteworthy annual growth rate of 5.5% [3]. Chemical recycling processes can be 

classified into different pathways based on the specific reagents used and desired products 

including hydrolysis, alcoholysis and aminolysis. Among the chemical pathways, hydrolysis is 

an extensively employed technique for the depolymerization of PET due to its ability to yield 

TPA monomers with higher purity and efficiency. Different types of hydrolysis have been 

reported in literature including neutral, acidic and alkaline hydrolysis. Acidic hydrolysis is 

noted for its ability to obtain high TPA yields, but the use of high amounts of acids contributes 

to the overall expenses of this process, making it very costly. Neutral hydrolysis is 

acknowledged for its environmental friendliness. However, the problem is that any impurities 

in the polymer might remain in the TPA, thereby impacting its quality. Consequently, alkaline 

hydrolysis of PET has been explored as an alternative to both acid and neutral hydrolysis 

methods. Nevertheless, one of the biggest issues for hydrolysis is the incompatibility between 

the liquid phase and the polymer, leading to low reaction efficiency [4]. In recent years, 

numerous studies focused on incorporating co-solvents to enhance the mass transfer of reaction 

reagents [5].  

In this present work, ethanol was used as a co-solvent to increase the interaction between 

alcohol-water and PET. The effects of experimental parameters, such as NaOH concentration, 

hydrolysis time and the amount of ethanol cosolvent on the yield of TPA, were investigated. 

Analytical methods, specifically Fourier transform-infrared spectroscopy (FT-IR) and nuclear 

magnetic resonance (NMR) were employed to assess the quality of TPA obtained from PET 

bottles.  

2. Materials and methods

2.1. Materials 

Post-consumer PET water bottles were used as feedstock in the hydrolysis process. Prior to 

the experiment, the PET was cleansed with soap and dried to remove residual moisture. It was 

then cut into small pieces, about 2.5-3 mm in size. Hydrochloric acid (HCl 37 %), sodium 

hydroxide (NaOH) and ethanol (99.9%) were purchased from Sigma Aldrich. These chemical 

compounds used were reagent grade. TPA (99%) obtained from Sigma-Aldrich was used as a 

reference material. 

2.2. PET hydrolysis 

Experimental setup for PET hydrolysis is shown in Scheme 1. In this study, 1.5 g of 

polyethylene terephthalate (PET) underwent hydrolysis with 50 ml of water and NaOH 

concentrations ranging from 2.5 to 20 wt.% in a hydrothermal reactor at 200 °C for 6 h. After 

the completion of the reaction, a sludge comprising unhydrolyzed PET and Terephthalic Acid 

(TPA) was obtained and left to cool to room temperature. Subsequently, unhydrolyzed PET 

was separated through filtration, and the resulting filtrate was supplementary with 150 ml of 

2M HCl for TPA precipitation. Then, the precipitate underwent additional filtration, washing 

until achieving a pH of 7, and drying to remove moisture. Weights of both the non-hydrolyzed 
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PET and the precipitated TPA were measured to calculate the change from PET to TPA. The 

effect of time on the hydrolysis process was investigated at two different durations: 3 h and 6 

h. The study also evaluated the impact of ethanol concentration on the hydrolysis process, and

its concentration varied at three different levels: 25, 50, and 75 vol%. All experimental

conditions are shown in Table 1.

 The obtained product was characterized by nuclear magnetic resonance (NMR) and Fourier 

transform infrared (FT-IR). PET conversion and TPA yield were calculated using equations (1) 

and (2), respectively.  

𝑃𝐸𝑇 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
(𝑊0−𝑊1) 𝑥 100

𝑊0
(1) 

𝑇𝑃𝐴 𝑦𝑖𝑒𝑙𝑑 =
𝑊2 𝑥 100

𝑊0 𝑥 0.874
(2) 

where w0, w1, and w2 are the weight of initial PET, residual PET and TPA obtained after 

the reaction, respectively. The 0.874 coefficient corresponds to the ratio of molecular weight of 

TPA and molecular weight of PET.  

Scheme 1. Experimental setup for PET hydrolysis

Table 1. PET conversion and TPA yield obtained after hydrolysis under different conditions. 

Entry 
T 

(°C) 

NaOH 

(wt.%) 

Time 

(h) 

H2O 

(vol%) 

EtOH 

(vol.%) 

PET 

conversion (%) 

TPA 

yield (%) 

1 200 2.5 6 100 0 68 ± 0.62 67 ± 1.93 

2 200 5 6 100 0 100 ± 0.00 90 ± 2.03 

3 200 10 6 100 0 80 ± 1.12 64 ± 8.10 

4 200 15 6 100 0 59 ± 1.87 58 ± 6.43 

5 200 20 6 100 0 44 ± 2.03 38 ± 5.35 

7 200 5 3 100 0 38 ± 2.17 32 ± 4.13 

8 200 5 3 75 25 53 ± 3.97 47 ± 1.39 

9 200 5 3 50 50 100 ± 0.00 69 ± 1.62 

10 200 5 3 25 75 100 ± 0.00 96 ± 2.14 

3. Results and discussion

To explore the optimal degradation conditions, the effects of NaOH concentration, time,

and ethanol concentration were investigated. The optimization of degradation conditions is 
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detailed in Table 1. The effect of NaOH concentration was investigated at 200 °C for 6 h (Table 

1, Entries 1-3). With the increasing of concentration from 2.5 to 5 wt.%, the PET conversion 

and TPA yield increased significantly from 76 to 100% and 66 to 90%, respectively. Increasing 

the concentration of base resulted in higher reaction speeds and the achievement of the highest 

conversions [4]. However, further increase in NaOH concentration, a decline in both PET 

conversion and TPA yield was observed. This phenomenon could be attributed to the potential 

deposition of excess NaOH on the surface of the PET sample, hindering the accessibility of 

hydroxide ions to new carbonyl carbons in unreacted PET. Consequently, this may lead to a 

reduction in the efficiency of the hydrolysis reaction [4]. Furthermore, Table 1 shows the effect 

of reaction time on PET conversion and TPA yield. The results show that the decrease in 

reaction time from 6 to 3 h led to a decrease in both PET conversion and TPA yield. However, 

at a reaction time of 3 h, when ethanol was introduced as a co-solvent at 25% vol., there was 

an increase in both PET conversion and TPA yield, reaching 53% and 47%, respectively. 

Further enhancement was observed, with PET conversion reaching 100% at an ethanol volume 

of 75%, and TPA yield reaching 96%. These results indicated that the co-solvent could impact 

the reaction pathways during degradation. Ethanol served as a phase transfer catalyst in the 

aqueous phase, playing a crucial role in transporting the nucleophile (RO-) to the surface of the 

PET, thereby facilitating the reaction. This was attributed to the opposing polarity between the 

hydrophilic nucleophile (RO-) and the hydrophobic PET material. The addition of ethanol can 

minimize this polarity difference and assist in the transfer of the nucleophile to the PET surface, 

where the reaction took place efficiently. More importantly, in alkaline conditions, ethanol can 

undergo deprotonation to form ethoxide ions (EtO-), which are highly reactive species capable 

of carrying out attack on PET reactants more efficiently, leading to faster and more efficient 

conversion of the reactants [5]. The possible depolymerization mechanism of PET in ethanol is 

shown in Fig.1. In addition, the presence of alcohol in the reaction system has another important 

benefit, it facilitated the isolation of the TPA product from the reaction solution due to its 

insolubility in alcohol, making it easier to separate and purify from the reaction mixture. Thus, 

alcohol not only facilitated the reaction but also assisted in the separation and isolation of the 

TPA product, enhancing the overall efficiency of the process. 

The obtained TPA via PET hydrolysis with 5%wt NaOH, 100%vol H2O, 200 °C for 6 

h was analyzed by FTIR spectroscopy. The peaks between 2819 and 2563 cm-1 are referred to 

the -OH group of carboxylic acid. The strong peak at 1675 and 1278 cm-1 are referred to as the 

C=O and C-O groups of carboxylic acid. The characteristic peaks at 1570, 1510 and 1417 cm-

1 are due to C=C bonds of benzene ring of TPA. The peaks found between 725  and 875 cm-1 

are characteristic of para-substituted arene group of TPA [6].  The FTIR characteristic peaks of 

the obtained TPA were consistent with those in commercial TPA. 

The obtained TPA was further analyzed via NMR spectroscopy and 1H-NMR and 13C-

NMR spectroscopy are shown in Fig. 3(a) and (b), respectively. 1H NMR spectra revealed a 

chemical shift of 13.29 ppm in the hydroxyl protons of TPA (denoted as H1), while non-

substituted H in the benzene ring exhibited chemical shifts of 8.03 ppm (denoted as H1). 

Similarly, in the 13C NMR spectra, three peaks at 130.1, 135.0, and 167.1 ppm were assigned 

to the aromatic (labeled as C1), quaternary aromatic (labeled as C2), and carbonyl (labeled as 

C3) carbon atoms of TPA [5]. According to NMR spectra of commercial TPA as shown in Fig. 

4, the TPA produced from PET hydrolysis in this work had a consistent structure with that of 

commercial TPA.  
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Fig. 1. The possible depolymerization mechanism of PET in ethanol 

Fig. 2. FTIR spectra of TPAs obtained from hydrolysis of waste PET 

Fig. 3. (a) 1H NMR and (b) 13C NMR spectrum of TPA produced from PET hydrolysis 
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Fig. 4. (a) 1H NMR and (b) 13C NMR spectrum of commercial TPA. 

4. Conclusions

This work studied the conversion of waste PET bottles to TPA using alkaline hydrolysis in

a mixed solvent of water and ethanol. The effect of NaOH concentration, reaction time and 

ethanol concentration were investigated. Without adding ethanol, the conversion of PET and 

TPA yield reached 100% and 90%, respectively, when NaOH concentration and reaction time 

were 5 wt.% and 6 h, respectively. However, adding ethanol helped accelerate the reaction, 

reducing the time needed from 6 h to 3 h while maintaining the same conversion yields for PET 

and TPA. The presence of ethanol in the reaction also aided in the separation between TPA 

product and reaction solution due to its insolubility in alcohol. The results from this study 

revealed a promising environmentally friendly and efficient method for converting PET plastic 

waste into valuable TPA product, which can serve as a crucial raw material for various 

applications, including the production of new PET polymers, synthesis of biodegradable 

plastics, and creation of metal-organic frameworks. 
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Abstract 

This research investigates the application of coaching methodologies to enhance the 

research and development (R&D) aspects of chemical engineering senior projects. The 

objective is to assess how coaching can effectively guide students in formulating, executing, 

and presenting research within the senior design project context. The study develops a 

personalized coaching framework tailored to individual project requirements, emphasizing 

skill development, problem-solving, and fostering continuous improvement. Employing a 

GROW model approach, the research evaluates the impact of coaching on student 

performance in R&D activities, with a focus on indicators such as research design quality, 

data interpretation effectiveness, and project innovation. The findings of the research 

demonstrate how well students enhance their problem-solving and skill-building abilities 

when they receive coaching for project-based learning. In order to better prepare students for 

the dynamic and innovative world of chemical engineering research and development, the 

report's suggestions propose for the curriculum to incorporate coaching techniques. 

Keywords: Coaching; Chemical Engineering; Senior Project; Problem-solving; Continuous 

improvement 

1. Introduction

The value of project-based learning approaches in helping students build their

competences and skills is becoming increasingly apparent in the field of chemical engineering 

education [1]. Witt et al. (2002) conducted research that highlights the value of project-based 

cooperative learning in developing students' coaching competences. The study also shows 

how these techniques can improve students' problem-solving and collaboration skills. 

Additionally, it has been demonstrated that interdisciplinary project-based learning helps 

students develop their problem-solving skills [2]. Through multidisciplinary projects, Ling et 

al. (2024) showed how middle school students' problem-solving skills might be developed. 

This suggests that project-based learning approaches can be applied more broadly across 

educational levels.  

Additionally, initiatives aimed at improving chemical engineering education have 

emphasized the significance of enhancing one's skill set in order to handle societal issues [3]. 

An institutional modernization initiative in Brazil that emphasized the development of 

abilities beyond technical skills was emphasized by Ramos et al. (2023), highlighting the 

necessity of a comprehensive approach to education. In the same way, initiatives like "From 

Laboratory to Industry" have helped students studying biotechnology develop their technical 

abilities [4]. The benefit of innovation projects in bridging the knowledge gap between 
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academia and industry practices was demonstrated by Ripoll et al. (2023), highlighting the 

importance of project-based learning strategies for skill development. 

Furthermore, it has been demonstrated that incorporating project-based learning into lab 

environments improves students' engineering design abilities [5]. Gomez-del Rio and 

Rodriguez (2022) emphasized the planning and evaluation of project-based learning 

programmes in lab environments, demonstrating how they can help students integrate 

knowledge and develop their engineering design skills. 

In addition, new research has demonstrated the function of coaching in improving project-

based learning strategies and encouraging students to study independently [6-8]. In their 

investigation of practice-based coaching for project-based learning, Kavanagh et al. (2023) 

emphasized the connections between coaching and teaching practices. In higher education 

settings, the empowerment of students through coaching methodologies to assist learning, 

personal development, and action research was studied by Gurbutt and Gurbutt (2015) and 

Othman and Yee (2015). 

This study explores the use of coaching approaches to improve the R&D component of 

senior projects in chemical engineering in light of recent studies. Using the knowledge gained 

from earlier studies on competency development and project-based learning, the purpose of 

this research is to evaluate the ways in which coaching might assist students in planning, 

carrying out, and presenting their research projects in the context of senior design projects. 

2. Methodology

The basic research for creating and refining coaching systems to improve student 

performance in senior chemical engineering projects is represented by this study. It 

emphasizes how the coaching framework incorporates concepts of continual improvement, 

problem-solving techniques, and skill development. The three separate phases that make up 

the research process are as follows: 

2.1 Development of Coaching Framework 

Preparing the coaching system involves studying, researching, and gathering fundamental 

information about coaches and the GROW Model. This phase includes crafting a research 

outline, assembling a sample group of students and devising a coaching plan. The GROW 

Model is employed to prepare the framework for coaching sessions. 

2.2 Coaching Operations 

The coaching operations commence with scheduling a meeting between the teacher 

(coach) and student (coachee) to establish rapport, discuss objectives, and set joint plans and 

goals. Throughout the process, supervision, coordination, and ongoing collaboration with 

coaches are maintained. Coaching sessions are conducted online via MS Teams, with two 

groups of students, each working on different projects, comprising three students per group. 

Sessions are held once a week and follow the GROW model. Coaches are tasked with 

addressing questions and exploring alternative solutions to emerging challenges. Questions 

are tailored to facilitate understanding, acceptance, and assessment of outcomes. The design 

choices are aligned with the coachees' projects, and coaches evaluate the design outcomes 

accordingly. 
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2.3 The evaluation of the coach system 

The evaluation of the coach system involves collecting recording forms and observing 

the methods employed by the coaches across various groups. Coaches evaluate research 

projects to solicit support and seek opinions from coaches to enhance students' research 

design using the GROW model coaching system. Additionally, coaches' satisfaction with each 

coach is assessed. Coachees also self-evaluate their progress and experiences within the 

coaching system. 

3. Results and Discussion

The outcomes of developing a coaching system utilizing the GROW model to enhance

students' competency in designing research work are as follows: 

1. Results of implementing the coaching system: evaluation of the coaching

system's implementation reveals improvements in students' ability to design research projects. 

Utilizing the GROW model facilitated goal-setting and guided students through the research 

process effectively. 

2. Results of coaching methods study: analysis of coaching methods employed

within the GROW model framework elucidates effective strategies utilized by coaches. These 

findings contribute to refining coaching approaches for optimal student support. 

3. Results of the study on student effectiveness: the study acknowledges the

effectiveness of students in undertaking senior projects with the assistance of coaches. This 

recognition underscores the positive impact of the developed coaching system on student 

performance. 

These results collectively demonstrate the efficacy of the coaching system developed with 

the GROW model in enhancing student performance. The high-quality research design 

validates the practical utility of the proposed coaching approach, positioning it as a valuable 

resource for improving student outcomes in senior project endeavors. 

3.1. Implementing a coaching system utilizing the GROW model 

Based on the outcomes of coaching operations employing the GROW model coaching 

system, researchers analyzed the coaching methods and processes, culminating in the 

development of a coding model. Beginning with the "G" for Goal, the coaching process 

involves identifying the coach's objectives, thereby enabling coaches to establish clear goals. 

The coaching operation system was then structured into four steps: 

Step 1: Establishing a positive atmosphere: begin coaching sessions with warm greetings, 

fostering a friendly rapport between the coach and coachees. Utilize questioning techniques to 

elucidate clear coaching goals. 

Step 2: Building rapport: cultivate a strong rapport between coaches and coachees to 

instill trust and confidence. Employ strategies to connect on a personal level and nurture a 

positive relationship. 

Step 3: Defining coaches' goals: guide coachees through reflective questioning to identify 

pertinent topics and desired outcomes, including research goals. Coaches can also define their 

own objectives during this stage. 
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Step 4: Setting SMART goals: utilize questioning strategies to establish goals that are 

Specific, Measurable, Achievable, Relevant, and Time-bound (SMART). Ensure coachees 

feel motivated and satisfied with the defined goals. 

R - Reality: this phase of coaching is focused on uncovering the genuine issues faced by 

the coachee. It involves the following steps: 

Step 1: Establishing a positive atmosphere: begin by fostering a positive environment 

where the coach and coachee feel comfortable and connected. Greetings are exchanged to 

cultivate familiarity and friendliness, allowing the coachee to feel at ease and open to 

answering questions. 

Step 2: Building rapport: develop rapport with the coachee to foster relaxation and 

confidence. The coach creates an environment where the coachee feels supported, understood, 

and encouraged to share without fear of judgment. Listening attentively to their stories 

without offering advice or suggestions helps build trust and rapport. 

Step 3: Reflecting on goals: guide the coachee through reflective questioning until they 

identify a suitable topic. Encourage the coachee to delve deeper into their research goals and 

uncover the underlying truths. 

Step 4: Goal setting: assist the coachee in identifying and articulating the real problems 

they are facing. This step is crucial for the coachee to gain clarity on their current situation 

and understand the challenges they need to address. 

O - Options: coaching is geared towards helping coachees explore alternative solutions to 

their problems. This process unfolds through four sequential steps: 

Step 1: Establishing a positive atmosphere: initiate sessions with warm greetings, 

fostering a friendly ambiance. Discuss research principles by students and use questioning to 

prompt coachees to consider various alternatives. Emphasize commitment to problem-

solving, instilling trust and confidence in the coaching process. 

Step 2: Building rapport: cultivate rapport with coachees, fostering an environment of 

trust and open communication. Motivate and remind coachees to navigate challenges and 

explore alternative solutions. Keep the focus on finding effective ways to address issues. 

Step 3: Defining coachees' goals: guide coachees in articulating ways to achieve their 

objectives and explore options for problem-solving. Encourage research endeavors aligned 

with their goals and inquire about their vision of success. 

Step 4: Reflecting coachees’ options: evaluate methods or alternatives aligning with 

coachees' objectives. Discuss strategies for achieving goals and assess coachees' feelings 

regarding success. Encourage confidence in writing a research outline and express 

appreciation for their efforts. 

W – Way forward: this part of coaching involves empowering coachees to make 

decisions and take action. It consists of four steps: 

Step 1: Establishing a positive atmosphere: initiate the session with warm greetings, 

fostering a positive connection between the coach and coachee. Utilize questioning to explore 

alternative problem-solving methods, instilling confidence in coachees. 

Step 2: Building rapport: foster rapport with coachees, creating an environment where 

they feel relaxed and comfortable. Engage in dialogue, ask questions, and express genuine 

concern. Motivate and remind coachees to overcome challenges and crises. 
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Step 3: Defining coachees' goals: utilize questioning techniques to guide coachees in 

evaluating their research outline according to the university model. Offer advice and 

recommendations for implementation in their field if necessary. Inquire about factors 

contributing to the completion of the research outline. 

Step 4: Setting way forward and plan from options: discuss and congratulate coachees on 

their ability to design research work and write research outlines to achieve their goals. 

Provide encouragement and instill confidence to propel coachees forward in completing their 

research work. Express gratitude for their participation in coaching and readiness to 

collaborate in future sessions. 

3.2. Results of coaching methods study 

In investigating coaching methods employed by coaches to enhance student performance 

in research design, the researcher compiled observations of coaching sessions involving 

coaches and coachees from diverse groups for analysis. These coaching methods align with 

the GROW Model framework. The researchers propose presenting research findings on four 

key issues utilizing descriptive statistics derived from the study. 

3.2.1 In examining the coach's approach to identifying research topics, defining 

problems, objectives, and the scope of the coachee's research, this topic is structured around 

the coaching process aimed at elucidating the coachee's goals. The coach and coachee engage 

in online meetings via MS Teams, with each session lasting one hour. The session 

commences with introductions and discussions regarding the purpose of the activities, 

research goals, and anticipated challenges. During this phase, the coach and coachee 

collaborate to formulate a coaching plan, document agreements, and commence the session. 

Through instant coaching, the coachee elucidates the problem, work, and research topic under 

consideration, while the coach attentively listens and seeks to understand the proposed 

research topics. Once clarity is achieved, the coachee is tasked with studying and designing 

research within an agreed-upon framework, adhering to specified time constraints. 

Throughout this process, the coach provides ongoing support, follows up on research 

progress, and ensures alignment with the established objectives. 

3.2.2 This topic focuses on studying how the coachee designs methods and conducts 

research within the coaching process aimed at identifying emerging issues. When the 

scheduled date arrives as per the plan, the coach and coachee convene to address the reality of 

the coachee's progress. Each group of coachees undergoes research review during this phase, 

where their understanding of research outlines is assessed. It is observed that certain areas still 

require development among the coachees. Therefore, coaching involves dialogue, 

questioning, explanations, and presentations to facilitate growth. Throughout the coaching 

process, the coach ensures a relaxed atmosphere and encourages the coachee to work towards 

the established goals outlined in the plan. 

3.2.3 This topic delves into the literature review of the coach's methods and is integrated 

into the coaching process aimed at exploring options to address coaches' challenges. During 

this coaching session, the focus is on understanding the methods employed by the coach. The 

results from the initial coaching session are considered alongside those from subsequent 

sessions to assess their impact on research design and writing research outlines. If errors are 

identified, the coach takes corrective action to guide the coachee accordingly. Discussions and 

inquiries are then facilitated to help coaches identify suitable options for resolving any 

emerging issues. Additionally, discussions and inquiries about the literature review are 

conducted to enhance understanding and address any related concerns. 
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3.2.4 From examining the coach's methods for drafting research outlines, this topic is 

incorporated into the coaching process where coaches demonstrate their willingness to 

execute the outlined plan (will). As this coaching session marks the final one, coaches 

primarily rely on scrutinizing the documents detailing research design and outlines. Upon 

completion of all research topics, coaches deliberate and assess the research framework, 

engaging in discussions regarding the intricacies of research design and outline composition 

until successful outcomes are achieved. Mutual commendation ensues, with coaches 

expressing satisfaction at having each other as partners in the coaching journey, while 

coachees reciprocate gratitude for the invaluable guidance received. Reflecting on the 

knowledge gained from coaching, coachees express excitement and confidence in their 

abilities, affirming their readiness to proceed. The coach evaluates the research outline, 

offering advice and corrections where necessary, and then seeks approval from the teacher 

acting as the coach by presenting a signed copy of the document. Additionally, a request for 

further research is proposed as part of the concluding phase of the coaching process. 

The results of the coaching intervention demonstrated significant improvements in 

various dimensions of student performance within the context of chemical engineering senior 

projects. Participants exhibited enhanced proficiency in conducting literature reviews, 

identifying research gaps, and formulating research hypotheses relevant to their respective 

subfields. Moreover, students demonstrated greater confidence and competence in 

experimental design, data collection, and analysis, leading to more robust research outcomes. 

Qualitative feedback from both students and coaches highlighted the value of personalized 

mentorship and guidance in navigating the complexities of senior projects in chemical 

engineering. Furthermore, the incorporation of relevant examples, case studies, and practical 

exercises enriched the learning experience and facilitated deeper understanding of key 

concepts. Table 1 illustrates the evolution of student performance and the influence of 

coaching interventions, offering valuable insights into the efficacy of the coaching 

methodology. Overall, the findings underscored the transformative potential of coaching 

methodologies in enhancing student outcomes and preparing them for successful careers in 

chemical engineering. 

Table 1. The performance of senior project students. 

Student group Pass rate Mean S.D.

Group A 100% 70 14.14 

Group B 100% 80 7.64 

3.3. Results of the study on student effectiveness 

Throughout the coaching process employing the GROW Model between the coach 

(teacher) and the coachee (student), systematic steps were followed. Coaching sessions were 

conducted once a week for a total of 15 sessions. Additionally, the coach actively participated 

in the coaching sessions, utilizing audio recordings, photographs, and video recordings. These 
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materials were then analyzed using the coaching observation model developed by the 

researchers. 

Following coaching sessions focused on research design, coachee satisfaction was 

evaluated, and coachees were encouraged to self-assess their research outcomes. It was found 

that both groups of coachees successfully accomplished the goal of designing research and 

writing research outlines with precision and accordance with the coaching plan objectives. 

Upon investigating the perspectives of coachees regarding their development in research 

design through the GROW model coaching system, it was evident that both groups shared 

unanimous opinions. Coachees from all 2 groups expressed the highest levels of development 

in various aspects, including: 

1. Enhanced self-confidence and willingness to tackle challenging research problems.

2. Demonstrated determination, enthusiasm, and readiness to engage in coaching

sessions as per the established plan.

3. Consistent adherence to the coaching plan and goals.

4. Successful achievement of research components such as title setting, problem

definition, objectives delineation, and research scope.

5. Utilization of innovative ideas to address problems and apply them to their work.

6. Punctual attendance and active participation in coaching sessions.

7. Recognition of the meticulous consideration and relevance of their research work

across various domains, indicating its potential applicability and importance.

These findings underscore the effectiveness of the GROW model coaching system in 

fostering comprehensive development among coachees, thereby positioning them favorably 

for further research endeavors. 

4. Conclusions

In conclusion, this research has provided valuable insights into the application of coaching

methodologies to enhance the performance of students in chemical engineering senior 

projects. Through the implementation of a personalized coaching framework, tailored to 

individual project requirements, significant improvements have been observed in skill 

development, problem-solving abilities, and overall project outcomes. The adoption of the 

GROW model approach has facilitated effective guidance for students in formulating, 

executing, and presenting their research within the senior design project context. 

The results of this study underscore the importance of integrating coaching strategies into 

the curriculum to better prepare students for the dynamic and innovative landscape of 

chemical engineering research and development. By fostering a supportive coaching 

environment, students have been empowered to tackle challenges, innovate, and achieve 

success in their senior projects. 

Moving forward, it is recommended to further refine and expand upon the coaching 

methodologies employed in this research, ensuring continuous improvement and adaptation to 

evolving educational needs. Additionally, future studies could explore the long-term impact 

of coaching on students' professional development and career trajectories in the field of 

chemical engineering. Overall, this research contributes to the body of knowledge in 

educational coaching and underscores its potential as a transformative tool for enhancing 

student learning and performance in engineering disciplines. 
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Abstract 

This study explores the production of bioethanol from Napier grass through process 

simulation using Aspen Plus V.11 software. The research delves into the simulation of 

bioethanol production, examining the evolution of bioethanol production from the prototype 

process. Additionally, it conducts a comparative economic analysis of two processes: the pure 

ethanol production process utilizing the absorption method and the distillation process 

employing azeotropic distillation. The optimization of the azeotropic distillation simulation 

encompasses key variables such as the mass ratio of ethanol to hexane fed into the distillation 

column, the product flow rate entering the column's bottom, the number of trays, and the 

positions for introducing ethanol and hexane. Employing Aspen Plus V.11, optimal conditions 

were identified, including a mass ratio of ethanol to hexane at 1.5:1, a product flow rate at 102 

kg/h entering the bottom of the distillation column, 12 trays, and specific feed positions for 

ethanol and hexane. Comparative analyses revealed that the original process achieved ethanol 

separation with a concentration of 99.9%, while the modified process achieved a separation of 

99.5%. The economic assessment favored the absorption process, deeming it the most 

suitable, with a total production cost estimated at $6,694,964. This research provides insights 

into process optimization and economic considerations for bioethanol production, offering 

valuable implications for sustainable biofuel development. 

Keywords: Bioethanol Production; Process Simulation; Azeotropic Distillation; Economic 

Analysis 

1. Introduction

A lot of research has been done on the production of bioethanol from Napier grass as an

environmentally friendly alternative for fossil fuels. Pre-treatment and fermentation 

techniques as well as optimisation strategies for higher ethanol yields have all been studied. 

Delimanto compared pre-treatment and fermentation techniques for Napier grass bioethanol 

production, and Mueansichai et al. looked into lignocellulosic bioethanol production using co-

culture fermentation of Saccharomyces cerevisiae and Trichoderma reesei [1-2]. 
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In addition, Kongkeitkajorn et al. assessed various fermentation techniques in order to 

determine the best processes for batch bioethanol production from Napier grass. In order to 

produce bioethanol, Panakkal et al. optimised the deep eutectic solvent pretreatment, 

highlighting the significance of effective pre-treatment procedures. Pensri et al. investigated 

the feasibility of using Napier grass residue as a feedstock for bioethanol production and 

demonstrated the possibility of producing fermentable sugar from it [3-5]. 

Moreover, Ko et al. investigated bioethanol production from recovered Napier grass 

contaminated with heavy metals, emphasizing the importance of addressing environmental 

concerns in biomass utilization. Additionally, Liu et al. focused on simultaneous 

saccharification and co-fermentation processes for bioethanol production from Napier grass, 

demonstrating innovative approaches to enhance ethanol yields [6-7]. 

In this context, the present study contributes to the existing body of knowledge by 

exploring bioethanol production from Napier grass through process simulation using Aspen 

Plus V.11 software. Building upon previous research, this study delves into the simulation of 

bioethanol production processes, including a comparative economic analysis of different 

production methods. By optimizing azeotropic distillation parameters, the study identifies 

optimal conditions for bioethanol separation, shedding light on both technical and economic 

aspects of Napier grass bioethanol production. 

Through a comprehensive analysis encompassing process simulation and economic 

evaluation, this research aims to provide valuable insights into process optimization and 

economic considerations for sustainable bioethanol production. Ultimately, this study seeks to 

contribute to the advancement of renewable energy technologies and the promotion of 

environmentally sustainable fuel alternatives. 

2. Materials and Methods

The bioethanol production process was simulated using Aspen Plus V.11 software. The

simulation model was developed based on the known chemical reactions and process 

parameters involved in each step of the production process. Thermodynamic models and 

property methods suitable for the components involved were selected, ensuring accurate 

representation of the system [8]. 

An adsorption process for ethanol purification was simulated using Aspen Plus V.11 

software for comparison with azeotropic distillation. The simulation involved modeling the 

adsorption of ethanol onto a solid adsorbent material, followed by desorption to recover 

purified ethanol. 

Azeotropic distillation was employed for ethanol separation, and the process was 

optimized using Aspen Plus V.11. Key variables such as the mass ratio of ethanol to hexane 

fed into the distillation column, product flow rate entering the column's bottom, number of 

trays, and feed positions for ethanol and hexane were systematically varied to identify optimal 

conditions. 

A comparative economic analysis was conducted to assess the production costs associated 

with the two bioethanol production processes: absorption method and azeotropic distillation. 

Costs including raw materials, equipment, energy consumption, and labor were considered to 

determine the total production cost for each process configuration. 

The bioethanol production process, simulated using Aspen Plus V.11 software, involves 

several steps aimed at converting raw materials into purified ethanol. Here's a breakdown of 

the process and simulation methodology: 
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2.1 Simulation Model Development 

- The simulation model is constructed based on known chemical reactions and process

parameters involved in each step of the production process. This includes reactions such as 

fermentation of sugars to ethanol and subsequent purification steps. 

- Thermodynamic models and property methods suitable for the components involved in

the process are selected to ensure accurate representation of the system. These models help in 

predicting phase equilibria, thermodynamic properties, and chemical reaction kinetics. 

2.2 Adsorption Process Simulation 

- An adsorption process for ethanol purification is simulated using Aspen Plus V.11

software. This involves modeling the adsorption of ethanol onto a solid adsorbent material, 

followed by desorption to recover purified ethanol. 

- The simulation considers parameters such as adsorbent material properties,

temperature, pressure, and flow rates to accurately model the adsorption-desorption process. 

2.3 Azeotropic Distillation Simulation 

- Azeotropic distillation is employed for ethanol separation, and the process is optimized

using Aspen Plus V.11. 

- Key variables such as the mass ratio of ethanol to hexane fed into the distillation

column, product flow rate entering the column's bottom, number of trays, and feed positions 

for ethanol and hexane are systematically varied to identify optimal conditions. 

- The simulation considers thermodynamic properties, column configurations, and

operating conditions to optimize the distillation process for ethanol purification. 

2.4 Comparative Economic Analysis 

- A comparative economic analysis is conducted to assess the production costs

associated with the two bioethanol production processes: absorption method and azeotropic 

distillation. 

- Costs including raw materials (such as feedstock for fermentation), equipment (such as

reactors, distillation columns, and adsorption units), energy consumption (for heating, 

cooling, and operation), and labor (for operation and maintenance) are considered. 

- Total production costs for each process configuration are determined by summing up

all relevant costs, including capital and operating expenses. 

In summary, the simulation of the bioethanol production process using Aspen Plus V.11 

software involves modeling chemical reactions, thermodynamic properties, and process 

parameters to optimize ethanol purification methods. The comparative economic analysis 

helps in evaluating the cost-effectiveness of different production processes, aiding decision-

making for industrial-scale bioethanol production. 
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Fig. 1 The simulation of the bioethanol production process and its purification using an 

adsorption process. 

Fig. 2 The simulation of the bioethanol production process and its purification using an 

azeotropic distillation process. 

3. Results and Discussion

3.1. Purity of products obtained from bioethanol production simulations 

The simulation of the bioethanol production process yielded promising results regarding 

the purity of the final product. Across all simulations, it was determined that the ethanol 

product obtained had a purity of not less than 99 percent, meeting the stringent quality 

standards required for commercial bioethanol applications. Table 1 presents the detailed 

results obtained from the simulations. 

Comparison between the purification methods, azeotropic distillation and adsorption 

process, revealed notable differences in ethanol purity. The azeotropic distillation method 

achieved a purity level of 99.5 percent, while the adsorption process surpassed this with a 

remarkably high purity of 99.91 percent. 

These results highlight the efficiency and effectiveness of both purification methods in 

isolating ethanol from the fermentation broth. The slight difference in purity levels could be 
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attributed to the varying mechanisms and operating conditions inherent in each purification 

process. 

The exceptional purity achieved through the adsorption process underscores its potential 

as a superior purification method for bioethanol production. This method not only surpasses 

the industry standard but also offers promising opportunities for further optimization to 

enhance purity levels and overall process efficiency. 

In conclusion, the simulations confirm the capability of both azeotropic distillation and 

adsorption processes to consistently produce bioethanol of exceptional purity. These findings 

provide valuable insights into the selection of purification methods, facilitating the 

optimization of bioethanol production processes for enhanced performance and commercial 

viability. 

Table 1. Purity of bioethanol product. 

Product 

Adsorption 

Input (%) 

Adsorption 

Output (%) 

Azeotropic 

distillation 

Input (%) 

Azeotropic 

distillation 

Output (%) 

Ethanol 94.00 99.91 94.00 99.50 

Water 5.00 0.09 5.00 0.11 

Other 1.00 0.00 1.00 0.39 

3.2. Production of bioethanol and its purification using an adsorption process 

The adsorption process diagram outlines the sequential steps involved in purifying 

ethanol from cellulose and water feed stocks. Initially, cellulose, at a rate of 200 tons per day, 

and water, at 20.1 tons per day, are introduced into a pump to regulate pressure before 

entering the first reactor. The operating conditions are maintained at 25 degrees Celsius and 1 

atm in the reactor to facilitate the balanced reaction between the feed stocks. Once the 

reaction is completed, the mixture is transferred to a second reactor, where the temperature is 

increased to 30 degrees Celsius while maintaining a pressure of 1 atm. 

Subsequently, the mixture enters a flash tank to separate carbon dioxide from ethanol. 

The separated carbon dioxide is recycled and reused in the second reactor. The remaining 

mixture is then divided into two streams: an upper stream, which enters the first distillation 

tower (C-101), and a bottom stream, which undergoes heating to 60 degrees Celsius and 5 

atm before entering the second distillation tower (C-102). 

In the first distillation tower (C-101), which comprises 35 levels and operates at 1 atm, 

carbon dioxide is further separated from the by-products. The bottom stream from this tower 

then proceeds to the second distillation tower (C-102), which also consists of 35 levels but 

operates at 5 atm. In this tower, water, carbon dioxide, and remaining by-products are 

separated from ethanol. 

Finally, the ethanol, with a purity of 95%, is directed to the third distillation tower (C-

103). This tower, containing 30 levels and operating at 1.5 atm, serves to further purify the 

ethanol, increasing its purity to 99.9%. The purified ethanol is then sent to the Separator (C-

104, C-105), where any remaining impurities are removed, resulting in a final product of 

high-quality ethanol with a concentration of 99.9%. 
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3.3. Bioethanol production and purification using azeotropic distillation process 

Figure 2 illustrates the schematic diagram of the adsorption process, delineating the series 

of steps involved in purifying ethanol from cellulose and water feed stocks. Initially, cellulose 

is fed into the system at a rate of 200 tons per day, alongside water at 20.1 tons per day, both 

maintained at 25 degrees Celsius and 1 atmosphere pressure. These feed stocks enter a pump 

to regulate pressure before entering the first reactor, where the temperature and pressure 

remain constant at 25 degrees Celsius and 1 atmosphere, respectively, to facilitate the 

reaction. 

Upon completion of the reaction, the mixture proceeds to a second reactor, where the 

temperature is adjusted to 30 degrees Celsius, maintaining a pressure of 1 atmosphere. The 

resultant mixture is then directed to a flash tank to separate carbon dioxide from ethanol. The 

upper stream, containing ethanol, enters a tower.  

The first distillation chamber (C-101) comprises 35 levels and operates at 1 atm, 

facilitating the separation of carbon dioxide from the by-product, which is recycled and 

reused in the second reactor. Meanwhile, the bottom stream undergoes heating to 60 degrees 

Celsius and 5 atm before entering the second distillation tower (C-102). This tower, also 

consisting of 35 levels and operating at 5 atm, further separates water, carbon dioxide, and 

remaining by-products from ethanol. 

The purified ethanol, with a purity of 95%, is directed to the third distillation tower (C-

103), consisting of 30 levels and operating at 1.5 atm. Here, the ethanol's purity is increased 

to 95%, and it is subsequently mixed with cyclohexane, fed into the mixer at a rate of 16.5 

tons per day, maintained at 25 degrees Celsius and 2 atm. This mixture, containing ethanol 

with a concentration of 37.6%, is then sent to the azeotrope distillation tower (C-104AZ). 

With 12 levels and operating at 2 atm, this tower further purifies the ethanol, resulting in a 

final concentration of 99.5%. 

After analyzing the experimental results to optimize the simulation parameters, it was 

determined that an azeotropic distillation tower utilizing cyclohexane as the distillation aid 

yielded the most favorable outcomes. Specifically, the optimal ratio of cyclohexane to ethanol 

was found to be 1.5:1.0. It was observed that surpassing this optimum ratio led to a decline in 

ethanol product concentration. 

Furthermore, for each ratio of cyclohexane to ethanol, a corresponding value for the 

product flow rate to the bottom of the distillation tower was identified. The most optimal 

performance was achieved at the ratio of 1.5:1.0, where the product flow rate to the bottom of 

the distillation tower was determined to be 102 kg/hr. Additionally, the optimal number of 

layers in the distillation tower was found to be 12, further confirming the effectiveness of this 

configuration in maximizing ethanol concentration. Results of economic analysis 

3.4. Results of economic analysis 

In selecting a purification process, the adsorption process emerged as the optimal choice, 

primarily due to its superior economic performance. The economic evaluation was based on 

comprehensive considerations of production costs, encompassing fixed costs, direct costs, and 

general costs. 

The adsorption process demonstrated a compelling economic advantage, characterized by 

fixed costs amounting to $1,002,004. These fixed costs represent the initial investment 

required for equipment, infrastructure, and other capital expenditures associated with setting 

up the purification process. 
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Furthermore, the direct costs associated with the adsorption process were evaluated at 

$4,570,994. These direct costs include expenses directly incurred during the operation of the 

process, such as raw materials, labor, utilities, and maintenance. 

In addition to fixed and direct costs, general costs totaling $1,269,844 were accounted for 

in the economic analysis of the adsorption process. These general costs encompass various 

overhead expenses, administrative costs, and other miscellaneous expenditures essential for 

sustaining the operation of the purification process. 

Collectively, the total manufacturing costs for implementing the adsorption process were 

calculated at $6,842,842. This comprehensive evaluation underscores the economic viability 

and competitiveness of the adsorption process as the preferred purification method. 

The selection of the adsorption process based on its favorable economic return highlights 

the importance of considering cost-effectiveness and efficiency in decision-making processes 

related to bioethanol production. By prioritizing economic considerations, stakeholders can 

make informed decisions that optimize resource utilization and enhance the overall 

profitability and sustainability of biofuel production operations. 

4. Conclusions

This research endeavors to explore and optimize the bioethanol production process from

Napier grass, focusing on process simulation, economic analysis, and purification methods. 

Through rigorous experimentation and simulation using Aspen Plus V.11 software, valuable 

insights have been gained into the feasibility and efficiency of various production and 

purification techniques. 

The study highlights the potential of the adsorption process as the optimal purification 

method, demonstrating superior economic returns compared to alternative techniques. The 

adsorption process, with fixed costs totaling $1,002,004, direct costs amounting to 

$4,570,994, and general costs accounting for $1,269,844, yielded a total manufacturing cost 

of $6,842,842. This economic evaluation underscores the economic viability and 

competitiveness of the adsorption process for bioethanol purification. 

Furthermore, the research provides valuable implications for process optimization and 

economic considerations in bioethanol production. Through the optimization of azeotropic 

distillation parameters and comparative economic analysis, significant advancements have 

been made in enhancing process efficiency and reducing production costs. 

In conclusion, this study contributes to the advancement of sustainable biofuel 

technologies by providing valuable insights into process optimization, economic 

considerations, and purification methods for bioethanol production from renewable feed 

stocks like Napier grass. By implementing the findings and recommendations outlined in this 

research, stakeholders in the bioethanol industry can make informed decisions that optimize 

resource utilization, enhance economic viability, and contribute to the broader goal of 

transitioning towards a more sustainable and environmentally friendly energy future. 
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Abstract 

In kidney hemodialysis system, adsorption has been investigated as a beneficial 
physical treatment to reuse spent dialysate containing uremic toxins such as creatinine and 
uric acid. This could minimize the required quantity of new dialysate. In this study, sugarcane 
bagasse (SCB) and sugarcane bagasse ash (SCBA) were utilized as main raw materials to 
produce granular activated carbon (GAC) hybridized with alginate as a bio-based polymer 
matrix via gelation method. SCB activated carbon (SCB AC) was firstly prepared from raw 
SCB by carbonization at 500 °C for 1 h and steam activation at 900 °C for 1 h. The strength 
and stability of the hybrid GAC could be improved by adding SCBA-derived mesoporous 
silica (SCB MPS) at different mixing ratios. Swelling degree was primarily investigated by 
comparing commercial GAC and SCB GAC at different ratios of SCB AC and SCB MPS. It 
was observed that SCB GAC mostly exhibited better swelling degrees than those of 
commercial GAC. The higher swelling degree was possibly anticipated to enhance adsorption 
efficiency of uric acid and creatinine in dialysate solution. The weight ratio of SCB AC to 
SCB MPS at 1:2 and 1:1 in the GAC seems to be the optimum ratio to achieve relatively high 
swelling degree and adsorption efficiency due to their less structural deformation. Briefly, 
SCB-derived hybrid GAC could be potentially considered as a competitive adsorbent for 
uremic toxin removal in terms of economics due to its zero cost in raw materials and steam, 
which could be self-produced in the sugar mill. 

Keywords:  Sugarcane bagasse; Granular activated carbon; Adsorption; Dialysate; Uremic 
toxins 

1. Introduction
For individuals suffering from end-stage chronic renal disease, kidney dialysis serves as a

vital treatment option. This treatment aims to assist those with kidney disfunction, wherein 
the kidneys fail to effectively filter waste from the body, by employing two primary types of 
dialysis: 1) hemodialysis, involving extracting blood from the body for purification and 2) 
peritoneal dialysis (PD), involving the patient introducing a solution into the abdomen for a 
minimum of 4–6 h, facilitating the removal of waste. In hemodialysis, uremic toxins within 
the blood are exchanged with the dialysate solution, allowing for the elimination of these 
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uremic toxins. Key components requiring removal from the dialysate include uric acid and 
creatinine, which are toxic in the body [1]. However, the substantial volume of dialysate 
required, ranging from 240 to 1440 liters per person per month for most patients, poses a 
significant issue of waste in medical treatment. Consequently, recycling the spent dialysate 
for regeneration emerges as an alternative approach to mitigate this waste. Recently, there 
have been research studies on the use of activated carbon derived from biomass, used to 
adsorb uric acid and creatinine [2]. Furthermore, there have been attempts to derive silica 
particles by synthesizing sodium silicate from sugarcane bagasse ash (SCBA) [3]. The 
additional SCBA in the hybrid granular adsorbent materials could possibly enhance 
mechanical properties and a relatively inert chemical composition, making it suitable for 
applications such as adsorption [4]. Consequently, this study utilized sugarcane bagasse 
(SCB) and sugarcane bagasse ash (SCBA) wastes as primary ingredients to produce hybrid 
granular activated carbon (GAC) combined with alginate, as a bio-based polymer matrix, via 
the gelation method. The main objective of this research is to assess the batch adsorption 
efficiency and capacity of uremic toxins, such as uric acid and creatinine, in dialysate solution 
using the developed SCB-derived hybrid GAC compared with the commercial hybrid GAC 
(C GAC).  

2. Materials and Methods

2.1. Preparation of SCB-derived activated carbon via carbonization and steam 
activation 

Raw sugarcane bagasse (SCB) sieved with a size range of 500 microns to 3 mm was 
classified and dried at 110 °C for 24 h prior to use. 300 g of dried SCB was then introduced 
into a stainless-steel tube reactor with an internal diameter of 15.4 cm. The carbonization was 
conducted under nitrogen gas flow with a heating rate of 5 °C/min from room temperature to 
500 °C and held for 1 h. After cooling down the reactor, biochar product is then obtained and 
weighed to determine the yield. 

40 g of biochar was dried at 105 °C for 3 h for moisture removal before being weighed 
and placed in the tray inside the same tube reactor connected with an injection valve from a 
steam generator. The steam activation was then performed at 900 °C for 1 h to obtain SCB-
derived activated carbon, SCB AC). Physicochemical properties such as product yield, 
proximate analysis, elemental analysis, iodine absorption test were characterized prior to 
develop a hybrid granular activated carbon with SCB-derived mesoporous silica and alginate 
via gelation.  

2.2. Preparation of SCB-derived mesoporous silica via acid leaching and extraction 

For acid leaching, 20 g of raw SCBA was firstly washed by adding 200 mL of 1 M 
hydrochloric acid (HCl) at 90 °C for 1 h to remove some inorganic impurities, then was 
filtered and rinsed with DI water till pH closed to 5-6 and then dried in a hot air oven at 110 
°C for 24 h. The dried leached ash was then calcined under air atmosphere in a muffle furnace 
at 800 °C for 2 h to completely remove unburnt carbon residues in raw SCBA. 
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To produce SCB-derived mesoporous silica, 15 g of acid-leached ash was then extracted 
with 150 mL of 1 M sodium hydroxide (NaOH) solution at 90 °C for 1 h to form sodium 
silicate. The intermediate sodium silicate solution was then reacted with 1 M HCl till the pH 
is equal to 7 using vacuum filter. The filtrate solution was then left for 18 h to form SCB-
derived mesoporous silica gel, while the remaining ash was called as an SCB-derived 
extracted ash. The MPS gel was separated using centrifuge and then dried at 110 °C overnight 
to obtain SCB-derived mesoporous silica (SCB MPS) as a product. Inorganic composition in 
all types of the ash were then characterized by X-ray fluorescence (XRF). 

2.3. Granulation of hybrid GAC via gelation with bio-based polymer 

1% (w/v) sodium alginate solution, i.e., 1 g of alginate as a bio-based polymer in 100 mL 
of DI water was prepared prior to mix dried mesoporous silica with dried activated carbon 
powder at a ratio of SCBA MPS to SCB AC (S:C) at 0:1, 1:2, 1:1, 2:1, and 1:0. It is dissolved 
and stirred at 60 °C till the mixture solution was homogeneous. The suspended alginate 
solution was then added into a 1% (w/v) calcium chloride dihydrate solution (1 g of calcium 
chloride dihydrate in 100 mg of DI water) using a 2-mm diameter syringe pump at the flow 
rate of 3 mL/min, then left the hybrid alginate beads in calcium chloride solution for 24 h. 
After that the beads (hybrid granular activated carbon, GAC) were rinsed with DI water. 
Finally, the hybrid GAC was dried at 60 °C to remove moisture for 24 h prior to use in batch 
adsorption test. 

2.4. Batch adsorption test of uremic toxins using hybrid GAC 
The dried hybrid GAC was weighed at 0.05 g as a fixed sample dose in the flasks to test 

the batch adsorption in 50 mL of 100-ppm uric acid and creatinine as two major uremic toxins 
in dialysate solution The dialysate solution was prepared by mixing Heamo A reagent 
solution ( containing NaCl, KCl, CaCl2, MgCl2, CH3COOH and d-glucose), Heamo B reagent 
solution (containing NaHCO3) in DI water with the volume ratio of 1: 1.225: 32.775 (the total 
volume of 50 mL). The flasks were placed in a shaker using a speed of 120 rpm for 24 h at a 
constant temperature of 25 °C. UV-spectrophotometer was used to examine the wavelengths 
of 233 and 290 nm for creatinine and uric acid, respectively, before and after 24-h batch 
adsorption test. The adsorption efficiency (%) and adsorption capacity (qe, mg/g) were then 
determined. The hybrid GAC prepared from commercial power activated carbon and 
commercial mesoporous silica was also tested for comparison with the SCB GAC. 

3. Results and Discussion

3.1 As-synthesized activated carbon by sugarcane bagasse (SCB AC) 

Table 1 shows that the biochar yield from carbonization of raw SCB was 31.39%, while 
the yield of activated carbon through steam activation was achieved at 48.53%. The results 
could be comparable to those reported in our previous study [5]. Proximate analysis showed a 
significant increase in a fixed-carbon content to 78.7% in SCB-biochar because volatile 
matter decomposed at 300-500 °C during the carbonization, while a decrease in the fixed-
carbon content to 48.1% in SCB AC was observed due to the gasification of biochar 
destroying carbons and developing pores in its structure. This led to an enhancement in 
carbon porosity and specific surface area of the SCB AC powder. 
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Table 2 shows the ultimate analysis to determine carbon (C), hydrogen (H), oxygen (O), and 
nitrogen (N)—in raw SCB, SCB-biochar, SCB AC, and raw SCBA. It was observed that 
activated carbon exhibited a slightly lower carbon content of 83.03% with higher oxygen 
content of 11.97% due to the reaction of carbon with steam, leading to some carbon loss. The 
iodine number of SCB AC was found at 687.11 mg/g. Although this value was still lower 
than that of commercial activated carbon, it was comparable with other biomass-derived 
activated carbon reported elsewhere [5].  

Table 1. Yields and proximate analysis of raw SCB, SCB-biochar, SCBAC and raw SCBA. 

Samples 
Yield (wt%) Proximate analysis (wt%, dry basis) 

Sample basis Raw basis Volatile 
matter 

Fixed 
carbon Ash 

Raw SCB - 82.8 15.5 1.8 
SCB-biochar 31.39 ± 0.74 11.0 78.7 10.3 
SCBAC 48.53 17.36 9.3 48.11 42.56 
Raw SCBA - 2.29 1.68 96.03 

Table 2. Ultimate analyses of raw SCB, SCB-biochar, SCBAC and raw SCBA. 

Sample 
[wt%, dry ash-free basis] (average) 

C H O N 
Raw SCB 47.12±1.15 7.16±0.29 45.20±1.54 0.52±0.09 
SCB-biochar 85.76±056 3.98±0.00 9.31±0.52 0.95±0.03 
SCB AC-900 83.03±0.83 4.28±0.67 11.97±1.73 0.72±0.25 
Raw SCBA 71.90±2.94 10.85±2.05 15.52±5.76 1.72±0.77 

3.2 As-synthesized mesoporous silica by sugarcane bagasse ash (SCBA MPS) 

 Physical appearances raw SCBA, SCBA-derived leached ash, SCBA-derived extracted 
ash and SCBA-derived mesoporous silica (SCBA MPS) were shown in Fig. 1. The SCBA 
MPS was clearly white as the color of commercial silica (CS). Table 4 demonstrates inorganic 
matter composition by XRF analysis. Silica content in SCBA MPS could be achieved up to 
>95% , which was comparable with the CS at >98%. Consequently, SCBA MPS with high
purity of silica was used to boost the sorbent's strength in the hybrid SCB GAC.

Fig. 1. Physical appearances of a. raw SCBA, b. SCBA-derived leached ash, c. SCBA-
derived extracted ash and d. SCBA-derived mesoporous silica (SCBA MPS). 

a. c.b. d. 
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Table 3. Inorganic matter composition of raw SCBA, SCBA-derived leached ash, extracted 
ash, and mesoporous silica compared with commercial silica (CS) by XRF analysis. 

Samples (wt%, d.b.) SiO2 Al2O3 Fe2O3 Others 
Raw SCBA 66.46 4.93 7.37 21.24 
SCBA-derived leached ash 83.44 3.59 3.22 9.75 
SCBA-derived extracted ash 81.07 4.04 4.57 10.32 
SCBA-derived mesoporous silica (SCBA MPS) 95.55 3.80 0.38 0.27 
Commercial silica (CS) 98.92 1.08 - - 

3.3 Granulation of hybrid GAC via gelation 

Physical appearances of commercial beads (C GAC) and SCB-derived beads (SCB GAC) 
developed with various weight ratios of silica and carbon (0:1, 1:2, 1:1, 2:1, 1:0) were 
demonstrated in Fig. 2. Average diameter of both beads was measured at least 20 replicates 
per sample using a digital vernier. The results in Table 3 revealed that the diameter of the 
beads decreased from 1.64–1.78 mm to 1.41–1.53 mm when adding more amount of silica 
into the bead’s structure. SCB GAC samples were slightly smaller than C GAC.   

a. C GAC b. SCB GAC
Fig. 2. Physical appearances of (a) C GAC and (b) SCB GAC developed with various 

weight ratios of silica and carbon (0:1, 1:2, 1:1, 2:1, 1:0). 

Table 4. Average diameter of C GAC and SCB GAC developed with various weight ratios of 
silica and carbon (S:C). 

Silica : Carbon 
(w/w) 

Average diameter (mm) 
C GAC SCB GAC 

0:1 1.78 ± 0.08 1.64±0.14 
1:2 1.60 ± 0.10 1.61±0.09 
1:1 1.57 ± 0.10 1.56±0.09 
2:1 1.55 ± 0.06 1.53±0.08 
1:0 1.53 ± 0.10 1.41±0.15 
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Fig. 3. Swelling degree in dialysate solution of the hybrid C GAC and SCB GAC developed 
with various weight ratios of silica and carbon, S:C=0:1. 1:2. 1:1. 2:1. 1:0). 

Swelling degree in dialysate solution of the hybrid C GAC and SCB GAC developed with 
various weight ratios of silica and carbon was determined in triplicates and expressed in Fig. 
3. For both C GAC and SCB GAC, the optimum swelling degrees were found at the weight
mixing ratio of silica and carbon at 1:2 and 1:1, respectively. The maximum swelling degree
in dialysate could be enhanced up to 1242% for the SCB GAC with S:C=1:1, while it showed
953% for the C GAC with S:C=1:2. Further adding silica in the bead’s structure reduced the
swelling degree lower than 500%, particularly the samples without AC (S:C=1:0). For batch
adsorption test of uremic toxins, the mixing ratios of silica and carbon at 1:2 and 1:1 in the
hybrid GAC were then selected to optimize both adsorption efficiency and the bead’s
strength.

3.4 Batch adsorption test of uremic toxins using hybrid GAC 
Fig. 4 shows physical appearances of the developed hybrid C GAC and SCB GAC with 

various weight ratios of silica and carbon (S:C=0:1. 1:2. 1:1. 2:1. 1:0) during batch adsorption 
test of uremic toxins in dialysate solution and after 24-h adsorption and drying. The one 
without silica (S:C=0:1) rather deformed and AC powder could be released out of its 
granule’s structure, while other samples containing silica could remain their structures with 
much less release of AC powder. This indicates that silica in the bead’s structure could 
improve granular strength.  

 

 

 (b) After 24-h adsorption and drying

      S:C = 0:1      1:2      1:1      2:1     1:0 

(a) During batch adsorption in dialysate solution
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Fig. 4. Physical appearances of the developed hybrid C GAC and SCB GAC with various 
weight ratios of silica and carbon, S:C=0:1. 1:2. 1:1. 2:1. 1:0) (a) during batch adsorption test 

in dialysate solution and (b) after 24-h adsorption and drying. 

Fig. 5 shows the comparison of the batch adsorption tests for uric acid and creatinine as 
two of major composition in uremic toxins using C GAC and SCB GAC. It reveals that C 
GAC demonstrated higher adsorption efficiencies and capacities than CB GAC because of its 
larger specific surface area. The maximum adsorption efficiencies of C GAC with S:C=0:1 
were observed at 87.7% and 53.1% for uric acid and creatinine, respectively, while they were 
decreased to 48.0% and 22.2% for uric acid and creatinine, respectively, for SCB GAC with 
S:C=0:1. Once silica was added into the granule, adsorption efficiencies of both uric acid and 
creatinine were gradually decreased for C GAC and SCB GAC. Since the granules without 
added silica could be deformed after the adsorption as mentioned before, the GAC with S:C 
equal to 1:2 and 1:1 by weight would be selected and used for further studies in adsorption 
kinetics, equilibrium isotherms, and regeneration with substantial performance with 
adsorption capacities of uric acid and creatinine at 60.7–81.7 mg/g and 28.5–42.5 mg/g using 
C GAC, and 29.1–37.5 mg/g and 14.2–16.7 mg/g using SCB GAC. This also responded to the 
optimum swelling degree in dialysate for the GAC with S:C ratios at 1:2 and 1:1 by weight.  

S:C =  0:1     1:2       1:1      2:1    1:0  
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Fig. 5. Adsorption efficiency and  adsorption capacity (qe) of (a) uric acid and (b) creatinine 
with a concentration of 100 ppm in dialysate solution using the developed hybrid C GAC and 

SCB GAC with various weight ratios of silica and carbon, S:C=0:1. 1:2. 1:1. 2:1. 1:0). 

Conclusion 
In this study, granular activated carbon (GAC) was developed from sugarcane bagasse-

derived activated carbon (SCB AC) and sugarcane bagasse ash-derived mesoporous silica 
(SCBA MPS) hybridized with sodium alginate as a bio-based polymer for use in kidney 
dialysis system to adsorb selected uremic toxins and reuse the spent dialysate. The 
commercial GAC (C GAC) was investigated to compare with the SCB GAC. Even though the 
C GAC clearly showed better efficiencies in adsorbing uremic toxins for both uric acid and 
creatinine due to their relatively larger surface area, the SCB GAC could also potentially 
adsorbed a substantial amount of uremic toxins in dialysate solution. The adsorption showed 
their maximized performance when only AC was added into the structure of the granules 
(S:C=0:1) for all samples, while their adsorption efficiencies were gradually dropped once 
silica was added into the samples. However, the SCB GAC samples with S:C = 1:2 or 1:1 
were selected for further studies in adsorption kinetics, equilibrium isotherms, and 
regeneration due to its higher strength of the beads with much less deformation and small 
release of AC powder into the dialysate solution. Briefly, in terms of economics, with zero 
cost on sugarcane bagasse and its ash as raw materials including steam as the gasifying agent, 
which could be self-produced in the sugar mill, in the production of activated carbon, it could 
be potentially considered as one of a competitive adsorbent for use in uremic toxin removal. 
Cost analysis by comparing with the commercial granular activated carbons will be further 
studied in the future.  
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Abstract 

This research focuses on the development of UV-vulcanized natural rubber grafted with 

methyl methacrylate (MMA) as a promising toughening filler for polylactic acid (PLA). To 

enhance compatibility with PLA, deproteinized natural rubbers (DPNRs) were endowed with 

hydrophilic functions through grafting copolymerization with MMA monomer. UV 

vulcanization was employed to enhance crosslinking in the resulting grafted DPNR. The study 

integrates an assessment of the efficacy of grafting process of the DPNR-g-PMMA in terms of 

monomer conversion and grafting efficiency with the highest values achieved at 20 phr MMA 

content, reaching 84.6% and 89.0%, respectively. Compatibility between the obtained DPNR-

g-PMMA and PLA film was assessed based on water contact angle (WCA), revealing optimal 

grafting at 10 phr MMA content with a WCA value of 57 o. Additionally, swell testing was 

incorporated to evaluate the swelling ratio and crosslink density of the UV-vulcanized DPNR-

g-PMMA, with the lowest swelling ratio and highest crosslink density observed at 10 phr MMA 

content.  This study highlights the potential of UV-vulcanized natural rubber grafted with MMA 

as an effective toughening filler, offering a sustainable solution for enhancing the mechanical 

performance of environmentally friendly PLA-based materials in various applications.

Keywords: UV vulcanization; Grafted copolymerization; Natural rubber; Methyl 

methacrylate; Polylactic acid. 

1. Introduction

In recent years, natural rubber (NR), notably sourced from Hevea brasiliensis, has become 

a significant component of our daily routines, finding use not only in the tire sector. Examples 

of potential applications include such as gloves, mattresses, condoms, as well as medical tubing, 

and artificial tissues and organs for applications in bioengineering [1]. NR is often utilized as 

an additive in polymer matrices owing to its impressive impact strength and ductility [2].

Initially, NR possesses stickiness and lacks elasticity. To enhance its properties for various 

uses, vulcanization is utilized to crosslink NR molecules, resulting in increased heat stability 

and elasticity. Vulcanization of NR can be accomplished through sulfur, peroxide, or radiation 

methods [3]. One type of radiation technique, UV radiation vulcanized natural rubber latex 

(UVNRL) has been created to manufacture NR latex devoid of accelerated sulfur chemicals. 

UVNRL exhibits excellent biocompatibility, poses fewer safety risks during operation 

compared to ionizing radiation vulcanization, eliminates the need for expensive shielding 

against ionizing radiation, and requires low energy consumption [4]. UV light can be used for

vulcanizing NR latex without accelerators. Photoinitiators typically employed in UV-based 
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curing processes include 2,2-dimethoxy-2-phenyl acetophenone, often in conjunction with an 

acrylate coagent. This method offers a safer and more efficient alternative to traditional 

vulcanization techniques [5]. 

Chemical modification through graft copolymerization stands out as a particularly 

appealing method. The molecular composition of NR, featuring cis-1,4-polyisoprene with a 

methyl group that donates electrons bonded to the carbon-carbon double bond in its primary 

chain, enables it to readily react with additional vinyl monomers and become covalently bonded 

to the NR backbone [6]. For instance, a vinyl monomer with desirable properties, such as methyl 

methacrylate (MMA) [7], was grafted onto a polyisoprene backbone to enhance the solvent 

resistance, thermal stability, mechanical properties, and compatibility of NR [8]. 

Polylactic acid (PLA) is a biodegradable and bio-based polymer, derived from renewable 

resources. Commercial PLA has high modulus and strength. However, it is brittle. One 

technique that can improve the toughness of PLA is blending with elastomers. NR is a bio-

based elastomer that is derived from sustainable resources. Since NR can be blended with PLA 

directly [9], however due to immiscibility of NR and PLA, compatibilization techniques are 

necessary. Grafting MMA onto NR can improve the compatibility, the dispersion of NR in 

PLA. 

The focus of this study is the modification of UVNRL to enhance compatibility with PLA 

through graft-copolymerization with MMA monomers onto DPNR latex. This process utilizes 

tert-butyl hydroperoxide (TBHPO) and tetraethylenepentamine (TEPA) as a redox initiator [6]. 

The study investigates the impact of monomer content on monomer conversion, grafting 

efficiency, and water contact angle. Additionally, swell testing was conducted to investigate 

the impact of radiation time on the swelling ratio and crosslink density of the UFPNR-g-

(PMMA). To enter the spray dry process for producing Ultrafine Fully Vulcanized Natural 

Rubber Powder (UFPNR) in the future. 

2. Materials and Methods

2.1 Materials 

DPNR latex (60 wt% of dry rubber content) was purchased from the Unimac Rubber 

Co., Ltd. (Trang, Thailand), sodium dodecyl sulfate (SDS; 99%, Merck), tert-butyl 

hydroperoxide (TBHPO; 70% in water), tetra ethylene pentaamine (TEPA; 94% in water), 

methyl methacrylate (99.8%), Toluene (95%), Magnesium-sulfate heptahydrate 

(MgSO4·7H2O), 2-hydroxy-2-methyl-1-phenylpropanone (96%) and 1,6-nonanedioldiacrylate 

(85%) were purchased from Chemical Express Co., Ltd. (Thailand). 37% Potassium Laurate 

solution were prepared in a laboratory.  

2.2 Methods 

2.2.1 Preparation of DPNR latex and purification of MMA monomers 

DPNR latex was diluted to 30% of dry rubber content with de-ionized water [10] and 

stabilized with SDS (0.8 wt%) The mixture was stirred with a nitrogen atmosphere at 400 rpm 

and 30 ºC for 1 hour to remove oxygen concentration. The MMA monomer was purified by 
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extracting it with a 10% sodium hydroxide solution, then washed with deionized water until 

neutral. Finally, it was dried using MgSO4·7H2O to remove any inhibitors [11]. 

2.2.2 Graft copolymerization of DPNR with MMA 

TEPA and TBHPO initiators were added dropwise onto DPNR latex at a rate of 5.5 x 

10-5 mol per gram of dry rubber [12], followed by the addition of MMA monomer at different

concentrations of 5, 10, 15, and 20 parts per one hundred rubbers (phr). The latex mixture was

then continuously stirred at 400 rpm and 40 ºC for 3 hours. The residual MMA was eliminated

through evaporation using a rotary evaporator under reduced pressure. The resulting product

was then placed in a glass Petri dish and dried in a vacuum oven at 50°C for a week. The

conversion of MMA (degree of polymerization) and grafting efficiency (GE, degree of grafting)

were assessed using a gravimetric method, as outlined in the following expressions [13].

Monomer conversion (%)  = 
weight of polymer in gross copolymer

weight of monomer
  100 (1) 

Grafting efficiency (%)  = 
weight of polymer linked to natural rubber

weight of polymer in gross copolymer
  100 (2) 

2.2.3 Preparation of mixture and UV radiation 

The coagent (1,6-nonanedioldiacrylate), the photoinitiator (2-hydroxy-2-methyl-1-

phenylpropanone) and potassium laurate solution were added dropwise onto DPNR-g-PMMA 

in 500 cm3 beaker. The total quantity of the coagent and photoinitiator was always 4 phr [5] 

Potassium laurate solution was used 0.5 phr. After that, stir for 10 minutes in the dark. The UV-

vulcanization process took place while continuously mixing the components under standard air 

conditions in a dark room at 28°C [14]. The mixtures were radiated by two UV lamps (250−350 

nm wavelength, 18 W) with various times of 40, 80 and 120 minutes. 

2.2.4 Characterizations 

The swelling behaviors of UV-vulcanized NR grafted with MMA (UVNR-g-PMMA) 

were analyzed by dissolving approximately 0.01 g of the sample in 20 mL of toluene at room 

temperature for 24 hours [10]. After recording the dried weight of the UFPNR sample (W1), it 

was immersed in toluene (ρs = 0.87 g/cm3, V1 = 106.5 cm3/mol) for another 24 hours. The 

weight of the swollen UFPNR sample (W2) was then recorded, followed by drying the sample 

in a vacuum oven at 70 °C for 24 hours. The final weight of the sample (W3) was recorded after 

drying. The swelling ratio (Q), gel fraction, molecular weight between crosslinks (Mc), and 

crosslinking density (CLD) were calculated using following Eq. (3)-(6), respectively [15-16]. 

The rubber density (ρr) is 0.91 g/cm3. φr represents the volume fraction of the polymer in the 

swollen stage, and χ12 denotes the polymer–solvent interaction.  

𝑄 =  
(𝑊2  −  𝑊1)/𝜌𝑠

𝑊1/𝜌𝑠
(3)     

Gel fraction  = 
𝑊3

𝑊1
(4)     
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𝑀𝑐  =  
−𝜌𝑟𝑉1(φ𝑟

1/3
−

φ𝑟

2 )

Ln(1-φ𝑟) + φ𝑟 + χ12φ𝑟
2

 : where  φ𝑟  =  
1

1 + 𝑄∙
      (5)     

CLD  = 
ρ𝑟𝑁

𝑀𝑐
(6)     

The molecular structure of DPNR-g-PMMA was analyzed to confirm the existing 

grafted PMMA on rubber structures by using a Fourier-transform infrared (FT-IR) spectrometer 

(Spectrum GX, Perkin Elmer) equipped with an attenuated total reflection (ATR) (Waltham, 

Massachusetts, United States). The analysis employed a scan range of 4000–400 cm−1, with a 

total of 32 scans and a resolution of 4 cm−1 [3]. 

Following UV radiation, the DPNR-g-PMMA obtained was directly applied onto a glass 

slide and then dried in an oven at 80 ºC until a constant weight was achieved to produce films. 

Then, PLA was formed by compression molding. The polarity of the UVNR-g-PMMA films 

and PLA were estimated in terms of the contact angle of a 0.1 μL water droplet on surfaces. 

3. Results and Discussion

3.1 Effects of Monomer Contents on Monomer Conversion and Grafting Efficiency of 

Grafted DPNR. 

The percentage of monomer molecules that convert to copolymer on the polyisoprene 

chain, along with any residual monomer in its homopolymer form in the aqueous phase, was 

calculated by using Eq. (1). Grafting efficiency indicates the percentage of monomer 

successfully bonded to the polyisoprene backbone, was calculated by using Eq. (2), and the 

results are summarized in Table 1. 

The monomer conversion and the grafting efficiency of DPNR grafting with MAA at 

monomer contents of 5, 10, 15 and 20 phr were found to be 75.4%, 77.7%, 81.5% and 84.6%, 

79.3%, 84.1%, 87.2% and 89%, respectively. From the results, it can be observed that an 

increasing the monomer content resulted in greater monomer conversion, due to the higher 

opportunity of monomer molecules to frequently copolymerized on the polyisoprene backbone. 

Table 1. Monomers conversion and grafting efficiency of the DPNR-g-PMMA with various 

monomer contents. 

Monomer content 

(phr) 

Monomer conversion 

(%) 

Grafting efficiency 

(%) 

5 75.4 79.3 

10 77.7 84.1 

15 81.5 87.2 

20 84.6 89.0 

3.2 Molecular Structural Characterization of the DPNR-g-PMMA. 
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Figure 1(a) shows characteristic absorption bands of DPNR, including the C-H 

stretching vibration at 2961 cm-1, the C=C bending vibration at 842 cm-1, and the C-H stretching 

vibration at 1452 cm-1. Additionally, figure 1(b) indicates new peaks of carbonyl groups which 

are C=O stretching and C-O-C stretching in 1730 and 1145 cm-1, respectively. These results 

evidence the presence of PMMA structure that successfully grafted onto the natural rubber 

backbone [12, 16]. 

Fig. 1 The FTIR spectra of (a) DPNR-g-PMMA 20 phr and (b) DPNR. 

3.3 Effects of Monomer Contents and UV-Radiation Times on Swelling Behavior and 

Gel fraction of DPNR-g-PMMA. 

The swelling ratios, gel fractions, and crosslink densities (CLD) of DPNR-g-PMMA 

were determined using Eq. (3-6), with the summarized results presented in Table. 2. It was 

found that as the UV-radiation time increased, the gel fractions increased while the swelling 

ratios decreased systematically. This can be attributed to the longer reaction time, leading to a 

higher formation of the crosslinked structure of polyisoprene. These findings align with the 

CLD results, which also showed an increase with longer reaction times. Furthermore, the results 

suggest that UV radiation vulcanization is suitable for our system, as no devulcanization 

behaviors were observed during the vulcanization process. Additionally, it was noted that gel 

fraction and crosslink density of DPNR-g-PMMA at monomer contents of 15 and 20 phr tended 

to decrease with increasing exposure times compared to those at monomer contents of 5 and 10 

phr. This trend can be attributed to hindered crosslinking of excess monomers, as the surplus 

MMA monomer may occupy most active sites of the isoprene backbone, such as the double 

bond (C=C) and the allylic carbon [5, 17]. Consequently, fewer remaining active sites of 

isoprene result in a reduction of crosslinking formation. 
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Table 2. Effects of monomer content and UV-radiation time on swelling ratio, gel fraction and 

crosslink density of DPNR-g-PMMA. 

Monomer content 

(phr) 

UV-radiation 

time (minute) 

Swelling ratio 

(Q) 

Gel fraction CLD  

×1018 (mol/cm3) 

5 40 27.3±1.88   0.66±0.01 2.73±0.32 

80 20.7±0.42   0.76±0.01 4.41±0.16 

120 18.1±0.16   0.80±0.01 5.59±0.09 

10 40 22.7±0.91   0.72±0.01 3.72±0.26 

80 20.1±1.11   0.74±0.02 4.65±0.45 

120 17.8±0.15   0.80±0.02 5.73±0.09 

15 40 24.1±2.80   0.61±0.14 3.41±0.69 

80 22.9±0.82   0.63±0.03 3.69±0.23 

120 20.2±0.37   0.71±0.02 4.61±0.15 

20 40 33.1±0.92   0.54±0.06 1.94±0.09 

80 30.9±1.06   0.57±0.01 2.26±0.11 

120 29.0±2.91   0.63±0.07 2.47±0.43 

3.4 Effects of monomer contents on surface property of DPNR-g-PMMA. 

The compatibility between filler and polymer matrix is vital for composite properties, 

often assessed by comparing their polarities. Contact angle measurements determine the angle 

between a liquid droplet and a polymer surface, offering insights into surface properties and the 

interaction between the liquid and the polymer [18]. 

Following the UV-radiation process, the resulting latex was oven-dried to form a film. 

Subsequently, water contact angle (WCA) measurement was conducted by dropping 1.0 µL of 

water onto the film. The results are shown in Fig. 2 and the numerical data are tabulated in 

Table 3. It was found that increasing MMA monomer content led to enhanced hydrophilic 

behaviors of the grafted DPNR, as evidenced by decreasing WCA values. Specifically, at a 

monomer content of 10 phr, the water contact angle measured 57.8o±2.6o, which is close to 

that of neat PLA, which has a value of 54.2o±1.6 o. This indicates that grafting MMA monomer 

content at 10 phr might offer the greatest compatibility with PLA when used as a toughening 

filler. 
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Fig. 2 Contact angle measurements of a 1.0 μL water droplet on surfaces: (a) Neat 

PLA, (b) DPNR-g-PMMA 5 phr, (c) DPNR-g-PMMA 10 phr, (d) DPNR-g-PMMA 15 phr), 

and (e) DPNR-g-PMMA 20 phr 

Table 3 Water contact angles of water droplet on PLA film and DPNR-g-PMMA film (UV-

radiation time 120 minutes) 

Samples Monomer content (phr) Water contact angle, θ (o) 

Neat PLA - 54.2±1.6 

DPNR-g-PMMA 5 65.8±2.9 

DPNR-g-PMMA 10 57.8±2.6 

DPNR-g-PMMA 15 48.3±0.6 

DPNR-g-PMMA 20 15.7±0.9 

4. Conclusions

In this work, the modified NR latex, DPNR-g-PMMA was successfully prepared 

through graft copolymerization of MMA monomer onto DPNR latex, confirmed by FTIR 

spectra. The highest monomer conversion (84.6%) and grafting efficiency (89%) were achieved 

with 20 phr MMA monomer content. Structural modification of NR via UV-radiation was also 

successful, with DPNR-g-PMMA containing 5 and 10 phr of MMA monomer facilitating the 

formation of high crosslinks density and gel fraction. Additionally, the compatibility between 

PLA and DPNR-g-PMMA was assessed via water contact angle, revealing that DPNR-g-

PMMA with 10 phr MMA content, irradiated with UV for 120 minutes, exhibited a water 

contact angle closest to that of PLA, with a value of 57.8o±2.6 o and 54.2o±1.6 o, respectively. 

Therefore, the UV-vulcanized DPNR-g-PMMA with 10 phr MMA content emerges as the most 

promising candidate for toughening filler production in PLA. 
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Abstract 

This research aimed to study an evaluation of greenhouse gases (GHG) emissions from 
activities of Lerdsin Hospital. The emissions were evaluated by calculating the carbon footprint 
as kilogram carbon dioxide equivalent (kgCO2e). The GHG emissions were divided into 3 
categories based on activities of the hospital as follows: Scope 1 was comprised direct GHG 
emissions from sources that were owned or controlled by hospital such as stationary 
combustion, mobile combustion, refrigerants, CH4 emission from septic tank & wastewater and 
LPG consumption. Scope 2 was composed of indirect GHG emissions from purchased 
electricity by hospital. Scope 3 was consisted of all other indirect emissions e.g., water supply, 
amount of paper used and municipal solid waste. The results of GHG emissions were evaluated 
using Thailand Greenhouse Gas Management Organization (TGO) from January to December 
2023. It was revealed that the total GHG emission was 7,060,841 kgCO2e. Scope 1 had GHG 
emissions of 288,956 kgCO2e (providing to 4.09%). The use of electricity (Emission Scope 2) 
contributed most greenhouse gas emission which emitted 5,691,900 kgCO2e (accounting of 
80.61%). Finally, the GHG emissions from Scope 3 were the second rank with the value of 
1,079,984 kgCO2e which shared 15.3% of the total emission. The present result was in 
agreement with GHG emissions and share (%) in 2021 and 2022.  

Keywords:  Greenhouse Gases; Carbon Footprint for Organization; Global Warming; Climate 
Change 

1. Introduction
Nowadays, all sectors in Thailand are beginning to realize more problems caused by

greenhouse gases. One of the important organizations is the Thailand Greenhouse Gas 
Management Organization (Public Organization: TGO), which is an agency that supports 
assessment of greenhouse gas emission reduction and its impacts. Promote and develop 
potential as well as providing advice to government agencies and the private sector on 
greenhouse gas management. Including having a nationally recognized and reliable database 
for assessing greenhouse gas emissions in various industrial groups [1].  

Climate change is posing threats to human health, for instance, through increased mortality 
in extreme weather events or by decreasing agricultural yields and rising sea levels, endangering 
human livelihoods. However, in the climate change discourse, health and the health sector have 
more nuanced roles than that. The health sector, including all organizations, institutions and 
resources devoted to producing health actions, will not only be impacted by climate change, but 
will also be key in adapting to climate change and to motivate climate-friendly behaviors. At 
the same time, the health sector is also a relevant contributor to rising levels of GHG emissions 
and thereby to climate change [2]. 
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According to the Kyoto Protocol, the six greenhouse gases (GHG) are carbon dioxide 
(CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons 
(PFCs) and sulfur hexafluoride (SF6). Emissions of these six gases are taken into account for 
the calculation of the carbon footprint indicator of products, which counts the total emission of 
GHG in CO2 equivalents (CO2e). Such emissions may be caused directly or indirectly by 
persons, organizations, events or products [3]. 

Greenhouse gases (GHG) emissions can be calculated by using the life cycle assessment 
(LCA), which is the international standard ISO 14040, 14044, used for the assessment of 
environmental impact throughout the life cycle. It can be calculated from the formula: CO2 
equivalent of each process = Amount of activity x CO2 emission intensity. Total amount of 
every type of greenhouse gas from all activities, which were converted into units of carbon 
dioxide equivalents by multiply total emissions of each type of greenhouse gas with its global 
warming potential (GWP), is the Carbon Footprint of the organization [4]. 

This research aims to study an evaluation of GHG emissions from activities of Lerdsin 
Hospital. The emissions were evaluated by calculating the carbon footprint as kilogram carbon 
dioxide equivalent (kgCO2e). The emissions of GHG were divided into 3 categories based on 
activities of the hospital as follows: 1) Direct GHG emissions and removals from the hospital’s 
activities (Scope 1), 2) Indirect GHG emissions from imported energy of the hospital (Scope 
2), and 3) Indirect GHG emissions from other sources (Scope 3). 

2. Materials and Methods

2.1. Setting Organization Boundaries 

Lerdsin Hospital, 190 Si Lom, Silom, Bang Rak, Bangkok 10500, consists of three 
buildings as follows: Kanrnchanapisek building, Promoting Services building, and Supporting 
Services building. 

2.2. Setting Operational Boundaries 

The GHG protocol was a well-established and widely used standard for GHG emissions 
reporting in many sectors, including the health sector. The GHG protocol distinguished three 
Scopes as follows: 

• Scope 1 was comprised direct GHG emissions from sources that were owned or
controlled by hospital such as stationary combustion, mobile combustion, refrigerants,
CH4 emission from septic tank & wastewater and LPG consumption.

• Scope 2 was composed of indirect GHG emissions from purchased electricity by
hospital.

• Scope 3 was consisted of all other indirect emissions e.g., water supply, amount of paper
used and municipal solid waste.

2.3. Data Inventory 

The data were the collected relevant documents of both primary data (municipal solid 
waste occurred) and secondary data (electricity and water supply, quantity and quality of the 
wastewater, stationary combustion, mobile combustion and paper consumption). 
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2.4. Calculation of GHG Emission 
GHGs can be calculated by multiplying with the emission factor, which is commonly used 

internationally, and in accordance with the guidelines of the Intergovernmental Panel on 
Climate Change (IPCC) or from a national database of each country, and so on. The example 
of emission factors that are used in the study are shown in Table 1. Therefore, the amount of 
GHG emissions from Lerdsin Hospital was calculated by Equation (1).  

 GHG emissions = Activity data x Emission factor (1) 

Where GHG emissions = amount of greenhouse gases (kgCO2e)  
Activity data = Activity data (value in liter/kg/kWh/m3) 
Emission factor = greenhouse gas emission coefficient (kgCO2e/unit of activity data) 

Table 1. GHG sources and emission factor [5]. 

GHG Sources Unit Emission Factor (kgCO2e) 
Stationary Combustion 

-Diesel Oil of Generator & Fire Pump liter 2.7078 
Mobile Combustion 

-Diesel Oil liter 2.7406 
Refrigerants (R-32) kg 677 
CH4 emission from septic tank kgCH4 - 
CH4 emission from wastewater kgCH4 - 
LPG consumption kg 3.1134 
Electricity consumption kWh 0.4999 
Water supply m3 0.7948 
Amount of paper used kg 2.1639 
Municipal solid waste 

-Landfill kg 0.7933 
-Incineration kg 2.3200 
-Organic waste kg 2.5300 

3. Results and Discussion
Resource consumption and waste generated by Lerdsin hospital in the year 2021-2023 and

the emission factors were used to calculate the amount of each greenhouse gas sources are 
presented in Table 2. Scope 1, Direct GHG emissions from hospital’s activities were generated 
by stationary combustion, mobile combustion, refrigerants, CH4 emission from septic tank & 
wastewater and LPG consumption. Scope 2, Indirect GHG emissions which arose from energy 
imports and the purchase of electricity. Scope 3 was consisted of the water supply, amount of 
paper used and municipal solid waste were calculated for indirect GHG emissions. 

The movement of Lerdsin hospital’s activities in 2023 was the main emission source 
category (5,691,900 kgCO2e of electricity), followed by the municipal solid waste with 821,205 
kgCO2e. Amount of paper used, water supply and CH4 emission from wastewater were 130,066 
kgCO2e, 128,714 kgCO2e and 121,539 kgCO2e, respectively. Next LPG consumption, CH4 
emission from septic tank, mobile combustion and stationary combustion were 74,123 kgCO2e, 
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46,399 kgCO2e, 44,317 kgCO2e and 2,578 kgCO2e, respectively, while the share of refrigerants 
was limited to 0 kgCO2e. As a consequence, it was consistently with GHG emissions in 2021 
and 2022. 

Table 2. The amount of GHG emissions that result from the activities of Lerdsin Hospital. 

GHG Sources GHG emissions (kgCO2e) 
2021 2022 2023 

Scope 1 
Stationary Combustion 2,315 2,315 2,578 
Mobile Combustion 56,220 41,573 44,317 
Refrigerants 0 0 0 
CH4 emission from septic tank 44,415 45,932 46,399 
CH4 emission from wastewater 110,760 120,191 121,539 
LPG consumption 69,939 65,755 74,123 
Scope 2 
Electricity consumption 4,658,635 5,082,483 5,691,900 
Scope 3 
Water Supply 124,036 125,907 128,714 
Amount of paper used 134,099 130,233 130,066 
Municipal solid waste 767,433 712,556 821,205 

The Scope 1, 2 and 3 of GHG emissions and share (%) in 2021-2023 as shown in Table 3. 
The results of GHG emissions were evaluated using Thailand Greenhouse Gas Management 
Organization (TGO) from January to December 2023. It was revealed that the total GHG 
emission was 7,060,841 kgCO2e. Scope 1 had GHG emissions of 288,956 kgCO2e (providing 
to 4.09%). The use of electricity (Emission Scope 2) contributed most greenhouse gas emission 
which emitted 5,691,900 kgCO2e (accounting of 80.61%). Finally, the GHG emissions from 
Scope 3 were the second rank with the value of 1,079,984 kgCO2e which shared 15.3% of the 
total emission. The present result was in agreement with GHG emissions and share (%) in 2021 
and 2022 were seen in Fig. 1.  

Table 3. Scope 1, 2 and 3 of GHG emissions and share (%) in 2021-2023. 

Category GHG emissions (kgCO2e) 
2021 Share (%) 2022 Share (%) 2023 Share (%) 

Scope 1 283,650 4.75 275,765 4.36 288,956 4.09 
Scope 2 4,658,635 78.06 5,082,483 80.33 5,691,900 80.61 
Scope 3 1,025,568 17.18 968,696 15.31 1,079,984 15.30 
Total 5,967,852 100.0 6,326,944 100.0 7,060,841 100.0 

When compared to GHG emissions estimated using life cycle assessment principles. It was 
found that the values differ due to the limitations of the data in different parts, including the 
differences in the included sectors, completeness of information and data collection period. 
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It was found that the values of GHG emissions by both calculation methods were different 
due to the limitations of data in several parts. If more data of GHG emissions in other sectors 
had been added besides fuel combustion, i.e., evacuation fire drill, using of N2O anesthesia and 
CO2 for Laparoscopic Surgery to be more consistent will make the study results come out 
similar 

Fig. 1 Scope 1, 2 and 3 of GHG emissions and share (%) in 2021-2023. 

The total of the GHG emissions 2021 to 2023 were 5,967,852 kgCO2e, 6,326,944 kgCO2e 
and 7,060,841 kgCO2e, respectively. It was revealed that significantly increased because 
Supporting Services building at Lerdsin Hospital was firstly opened in 2023. 

The source of GHG emissions that had the highest emissions is electricity consumption, 
followed by the municipal solid waste. The source with the minimal release was refrigerants. 
Lerdsin Hospital, 190 Si Lom, Silom, Bang Rak, Bangkok 10500, consists of three buildings 
as follows: Kanrnchanapisek building, Promoting Services building, and Supporting Services 
building. 

It is a medical organization that has consumption of electricity, water supply, and waste 
from patient and medical staff, which have activities related to healthcare institution providing 
patient treatment the area of the hospital. The best-known type of hospital is the general 
hospital, which typically has an emergency department to treat urgent health problems ranging 
from fire and accident victims to a sudden illness. Moreover, the best-known type of hospital 
is the general hospital, which typically has an emergency department to treat urgent health 
problems ranging from fire and accident victims to a sudden illness that causes the amount of 
greenhouse gases from waste to increase as well. 

2021 2022 2023
Total 5,967,852 6,326,944 7,060,841
Scope 1 283,650 275,765 288,956
Scope 2 4,658,635 5,082,483 5,691,900
Scope 3 1,025,568 968,696 1,079,984
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4. Conclusions

The GHG emissions were divided into 3 categories based on activities of the Lerdsin
hospital as follows: Scope 1 was comprised direct GHG emissions from sources that were 
owned or controlled by hospital such as stationary combustion, mobile combustion, 
refrigerants, CH4 emission from septic tank & wastewater and LPG consumption. Scope 2 was 
composed of indirect GHG emissions from purchased electricity by hospital. Scope 3 was 
consisted of all other indirect emissions e.g., water supply, amount of paper used and 
municipal solid waste. The results of GHG emissions were evaluated using Thailand 
Greenhouse Gas Management Organization (TGO) from January to December 2023. It was 
revealed that the total GHG emission was 7,060,841 kgCO2e. Scope 1 had GHG emissions of 
288,956 kgCO2e (providing to 4.09%). The use of electricity (Emission Scope 2) contributed 
most greenhouse gas emission which emitted 5,691,900 kgCO2e (accounting of 80.61%). 
Finally, the GHG emissions from Scope 3 were the second rank with the value of 1,079,984 
kgCO2e which shared 15.3% of the total emission. The present result was in agreement with 
GHG emissions and share (%) in 2021 and 2022. 
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Abstract 

Rice bran wax (RBW) is the major byproduct of rice bran oil production, which can be directly 

used in several applications such as cosmetics, personal care products, and pharmaceuticals. 

The wax esters in RBW, containing long-chain fatty acids and fatty alcohols, could be used in 

biolubricant preparation. In this study, a saponification reaction was initially performed by 

treating RBW with 30% potassium hydroxide in isopropanol to obtain fatty acid potassium salt. 

Subsequently, this salt was treated with 30% HCl to obtain fatty acids via a substitution 

reaction, while fatty alcohols from the initial reaction were discarded. Following this, the 

obtained crude fatty acids were treated with 5% methanol in the presence of sulfuric acid as a 

catalyst to produce crude fatty acid methyl esters (FAME). Fourier-transform infrared 

spectroscopy (FTIR) confirms the presence of fatty acids in the RBW and the crude fatty acids 

obtained after the saponification and substitution reactions. FTIR was also used to characterize 

the crude FAMEs. In the future, a transesterification process could be then performed using the 

crude FAME and trimethylolpropane (TMP) to obtain TMP-esters, which can be utilized as a 

biolubricant precursor.

Keywords: Biolubricant, Fatty acid methyl ester, Rice bran wax, Saponification, 

Transesterification 

1. Introduction

The term lubricant means a substance used to facilitate movement between surfaces, widely

used to reduce friction corrosion and improve the efficiency in the vehicle and a variety of 

machines. The lubricant is produced from mineral base oil and chemical additives to modify 

and enhance their tribology properties, which are petroleum-based chemicals containing 

paraffin, olefin, aromatic hydrocarbon, and other toxic chemicals [1,2], which can cause 

significant problems to the environment, such as toxicity, microbiology decontamination, and 

poor biodegradability [3]. Biolubricants can serve as renewable raw materials, which have the 

potential to make significant contributions to sustainable development [4], as they are 

biodegradable, environmentally friendly, and less toxic than petroleum-based lubricants. Many 

biomaterials have been used to synthesize biolubricant. For example, vegetable oil was found 

to be suitable for biolubricant production as it was 95% biodegradable and 30 – 50% faster 

degraded than petroleum-based lubricants [5]. Vegetable oil containing fatty acids plays an 

essential role in biolubricant synthesizing because they are biodegradable, low in ecotoxicity, 

and do not contribute to emissions of volatile organic compounds [6]. In addition, some 

chemical modifications, such as trimethylolpropane, can enhance the lubrication 

properties [7-9].  Rice bran oil constitutes one of the primary commodities in Thailand's export 
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portfolio due to the country's agricultural nature [10]. However, a byproduct known as rice bran 

wax (RBW) is generated during the winterization process, finding extensive utilization across 

the cosmetic, pharmaceutical, food, polymer, and leather industries. Scholarly research, as 

evidenced by numerous patents and publications, has explored RBW's application in various 

cosmetic formulations, including cold creams, pharmaceutical formulations, and hair-

conditioning products [11]. The wax ester within RBW, comprising a fusion of long-chain fatty 

acids and fatty alcohols, holds promise for the potential synthesis of biolubricants. The 

objective of this study is to isolate and recover long-chain fatty acids from RBW and synthesize 

them into fatty acid methyl esters (FAMEs), serving as a biolubricant precursor.  

2. Methodology

2.1. Material 

Cosmetic-grade rice bran wax (RBW SK-80) was obtained from Thai Edible Oil Co., Ltd. 

The RBW is the byproduct of rice bran oil production without using any solvent for extraction. 

The physical properties can be seen in Table 1. The majority content of RBW SK-80 is wax 

esters.  

Table 1. Physical Property of RBW SK-80 

Property SK-80 Test method 

Melting point (°C) 75-76 AOCS Cc 1-25 

Color Off-White Visual 

Oil content (%) 30-50 N/A 

Wax content (%) 50-70 N/A 

2.2. Saponification of RBW 

In this step, RBW SK-80 of 20 grams was mixed with 25 mL of 30% KOH in isopropanol 

in a round flask. The mixture was refluxed for 4 hours, utilizing an oil bath heated to 100°C as 

the heat source [11]. After that, the isopropanol was removed through a rotary vacuum 

evaporator until the residue was dry. Subsequently, ethyl acetate of 50 mL was introduced to 

the dry residue, and the mixture was stirred using a magnetic stirrer at a temperature of 50°C 

for 2 hours. The resulting mixture was vacuum filtered with Whatman No.42 to separate fatty 

alcohols dissolving in the filtrate and to recover solid residue containing fatty acid potassium 

salt. To ensure the removal of any residual fatty alcohols from the solid residue, a washing step 

with ethyl acetate was performed. The collected filtrates were subsequently subjected to drying 

over anhydrous sodium sulfate. Following the filtration, the solid portion was acidified with 30 

mL of 30% HCl for 1 hour at a temperature of 50°C. After acidification, 20 mL of distilled 

water is added to the acidified mixture to neutraized the pH of the mixture. Ethyl acetate of 20 

mL was then added to extract fatty acids from the mixture thrice. The combined ethyl acetate 

extract was further washed with water until it had a neutral pH. The ethyl acetate layer was 

separated and dried over anhydrous sodium sulfate. Lastly, the crude fatty acids in the liquid 
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phase were recovered in a vacuum rotary evaporator. The saponification of RBW was 

performed for four batches, and the overall mass balance was determined and shown in 

Table 1.  

2.3. Synthesis of fatty acid methyl ester (FAMEs) 

The obtained crude fatty acids from the previous section were reacted with methanol with 

sulfuric acid as a catalyst (methanolic sulfuric acid) via an esterification reaction to acquire 

FAMEs. The amount of crude fatty acids and methanolic sulfuric acid was varied as shown in 

Table 2. After the reaction was complete, the mixture was vacuum filtered with Whatman 

No.42. The filtrate was then put into a 1000 mL separatory funnel and washed with deionized 

water. After that, the FAME was extracted from the mixture with 100 mL of isooctane thrice. 

The mixture of FAME and isooctane was then put into a centrifuge at 8,000 rpm at 25°C to 

remove small solid particles that are potentially the remaining wax ester and other waxy 

contaminants. The supernatant containing isooctane and FAME was transferred into a rotary 

vacuum evaporator to evaporate isooctane. Lastly, the crude FAMEs were put in another 

centrifuge at 14,000 rpm at 25°C for 30 min to remove suspended particles. Finally, FAME was 

analyzed with gas chromatography with mass spectroscopy to inspect the composition and the 

impurities before proceeding to the following procedure. 

2.4. Characterization of RBW, crude fatty acids, and crude FAMEs 

Fourier-transform infrared spectroscopy (FTIR; Nicolet 6700, Thermofisher, USA) was 

used to analyze the functional group of crude RBW SK-80 (CRBW), crude fatty acid, and crude 

FAME. Gas chromatography-mass spectrophotometry (GC-MS; 5977B GC/MSD, Agilent 

Technology, USA) equipped with a capillary column (MEGA-5HT 1.80 µm, 30 m × 

0.32 mm) was used to analyze crude FAMEs to indicate the species of fatty acid in the RBW 

SK-80. 

3. Results and discussion

3.1. Crude fatty acids from RBW 

During the saponification of RBW, the mass balance of the experiment was recorded and 

shown in Table 2. The wax ester in RBW was estimated at 70% w/w corresponding to 14 g 

when 20 g of RBW was used.  

Table 2. Mass of each component during the saponification of RBW. 

Batch No. 
RBW 

(g) 

30%w/v KOH in 

IPA 

(mL) 

Crude fatty acid 

potassium salt 

(g) 

Crude fatty acid 

(g) 

1 20 25 29.72 19.14 

2 20 25 27.51 16.27 

3 20 25 27.53 18.25 

4 20 25 28.66 20.67 
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From Table 2, it could be said that the amount of crude fatty acid potassium salts and crude 

fatty acids are quite consistent among the four batches ranging from 27.5-29.7 g of crude fatty 

acid potassium salts and 16.3-20.7 g of crude fatty acids. By starting with 20 g of RBW, 

corresponding to roughly 14 g of wax esters, the amount of fatty acids obtained from the 

saponification of wax esters should be theoretically less than 14 g. Our result suggests that 

crude fatty acids are likely from the saponification of triglycerides in the RBW as well. In 

addition, the remnant of unreacted wax esters, fatty alcohols, and resinous matter might be 

responsible for the overestimated amount of crude fatty acids.  

3.2. Crude FAMEs from crude fatty acids 

The crude fatty acids were prepared at 10, 20, 30, 40, and 50 g and were reacted with 5%v/v 

methanolic sulfuric acid with a ratio of 1 to 10 as seen in Table 3. The mixture was refluxed for 

2 hours at 75°C, and methanol was then removed. The esterification reaction results in FAMEs 

and H2O. As mentioned earlier, the crude fatty acids from RBW SK-80 contained some 

impurities that are carried to the esterification. In other words, crude FAMEs still contain these 

impurities. 

Table 3.  Mass of each component during the esterification of crude fatty acids with methanolic 

sulfuric acid. 

Crude fatty 

acids (g) 

5%v/v MeOH-H
2
SO

4

(mL) 

Crude FAMEs 

(mL) 

Crude 

FAMEs (g) 

H
2
O

(mL) 

10 100 14 12.6 3 

20 200 22 19.8 5 

30 300 32 28.8 9 

40 400 41 36.9 7 

50 500 60 54.0 13 

From Table 3, assuming a FAME density of 0.9 g/cm3 [12], it can be observed that the 

amount of crude FAMEs is comparable to the initial mass of crude fatty acids used, possibly 

due to impurities carried over from the crude fatty acids to the crude FAMEs. The amount of 

crude FAMEs also increases as the reaction scale increases, as expected. The color of the crude 

FAMEs in this study was dark brown (data not shown) compared with FAMEs derived from 

vegetable oil from other studies [13], indicating that different sources of fatty acids could lead 

to different properties of FAMEs. 

3.3. FTIR analysis of RBW and fatty acids 

Fourier-transform infrared spectroscopy (FTIR) was used to analyze the functional groups 

of crude (or untreated) RBW SK-80 and crude fatty acids. The presence of fatty acids and fatty 

alcohols in the RBW was confirmed as shown in Fig.1 
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Fig. 1. FTIR spectrum of RBW SK-80. 

From Fig. 1, the O-H stretch for carboxylic acids and alcohol appears broad and strong at 

3448.35 cm-1. Peaks at 2918.36 cm-1 and 2848.78 cm-1 indicate the presence of methylene 

groups [14]. The peak at 1735.39 cm-1 corresponds to C=O and could indicate the presence of 

aldehydes, ketones, ester groups, or carboxylic acids [15]. Additional peaks at 1634.19, 

1467.21, and 1376.11 cm-1 suggest the presence of alkene, CH3 group, and bending vibration 

of the CH3 group, respectively [16]. The peak at 1172.96 cm-1 is assigned to (C-O-C) stretching 

of saturated ester functionalities [17], while the peaks at 955.91 cm-1 and 919.71 cm-1 indicate 

O-H bending, and the peak at 724.62 cm-1 is attributed to C-H bending.

After removing oil content (Defatted RBW) with hexane and isopropanol and other

compounds, which were the short-chain free fatty acid and alcohol, polar lipid, triglycerides, 

and resinous matter with 10% NaBH4 (Bleached RBW), each sample of rice bran wax was 

analyzed with FTIR to confirm that the undesired component was removed. The FTIR spectra 

of crude, defatted, and bleached RBW are shown in Fig. 2. From the comparison among the 

FTIR spectrum of crude, defatted, and bleached RBW, the spectra seem to be the same for all 

the RBW samples. The only difference that can be seen is that the spectrum was smoother after 

passing through the treatment process.  

Fig.2 Comparison of FTIR spectrum of crude, defatted, and bleached RBW. 

Crude RBW Defatted RBW 1 Defatted RBW 2 Bleached RBW

%
T
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Figure 3 shows the FTIR spectrum of crude fatty acids. The peak of about 2915 cm-1 shows the 

presence of C-H stretching, representing the unsaturated fatty acid content in the crude fatty 

acids, which were oleic and linoleic acid [18]. The peak at 1738.40 cm-1 corresponds to C=O 

and could indicate the presence of aldehydes, ketones, ester groups, or carboxylic acids [16]. 

The peaks at 955.91 cm-1 and 919.71 cm-1 indicate O-H bending. With these three peaks, it can 

be identified the presence of fatty acid. Another minor peak is the footprint of the impurity 

contained in crude rice bran wax.  

Fig. 3. FTIR spectrum of crude fatty acid from RBW saponification. 

3.4. GC-MS analysis of crude FAMEs 

Crude FAMEs derived from RBW were injected into the GC/MS system with the following 

conditions. The temperature of the column was set to 50°C, held for 3 min, then ramped to 

300°C at 5°C/min and held for 3 min. The chromatogram is shown in Fig. 4.  

Fig. 4. The GC-MS chromatogram of crude FAME sample derived from RBW. 
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Figure 4 shows that six major peaks were found and matched with the mass spectroscopy 

library, and only one fatty acid species, palmitic acid (C16H32O2), was found at a retention time 

of 34.32 minutes. According to the certificate of analysis of the RBW from Thai Edible Oil, 

Co., Ltd., eight species of fatty acids were expected to be found, which were C16, C18, C18:1, 

C18:2, C20, C22, C24, and C26. It could be said that palmitic acid is the majority of fatty acid in the 

crude FAMEs, while other fatty acids may be lost during the saponification and esterification 

steps. 

4. Conclusions

The extraction of crude fatty acid was accomplished through saponification of RBW

SK-80 using potassium hydroxide, followed by a subsequent treatment to eliminate fatty 

alcohol. The crude fatty acid underwent methanolysis, resulting in the formation of crude 

FAMEs, a biolubricant precursor. Lastly, the crude rice bran wax and fatty acid samples were 

subjected to FTIR analysis, while the crude FAME underwent analysis through GC-MS. The 

findings obtained from the FTIR analysis revealed the presence of fatty acids in the crude RBW, 

while the crude fatty acids were found to be devoid of fatty alcohols. However, upon examining 

the chromatogram of the FAME, only palmitic acid was observed in the sample. Improvement 

in each process is necessary to improve the quantity, quality, and purity of FAMEs. The future 

work may focus on the synthesis of trimethylolpropane (TMP)-ester, a biolubricant, from 

FAME and TMP.  
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Abstract 

In this study, the objectives were to determine the effects of chitosan concentration and the 

method of chitosan incorporation into PVA film on composite material properties. The results 

showed that, for chitosan/polyvinyl alcohol (PVA) composites, increasing the amount of 

chitosan decreased the transparency of the materials. Films were prepared using powdered 

chitosan and a chitosan solution. Films using chitosan powder exhibited clear agglomeration 

on the surface, whereas those using a chitosan solution showed a uniform distribution on the 

film surface, demonstrating an effective combination with the PVA solution. Additionally, 

various concentrations of chitosan solution and chitosan/PVA composite material were tested 

for antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. 

aureus). The results indicated that the chitosan solution exhibited antibacterial properties, with 

increased antibacterial activity as the chitosan concentration increased. However, when molded 

into a composite material, it was unable to resist bacteria.

Keywords: Chitosan; polyvinyl alcohol; composite materials; antibacterial.

1. Introduction

Bacteria present on the skin and in the surrounding environment are often the culprits 

behind unpleasant odors. The proliferation of bacteria thrives in humid conditions (Natsch et 

al., 2006 ). To combat these undesirable scents, three main approaches have been employed: 

malodor-masking deodorants (Gautschi et al., 2007), malodor-neutralizing deodorants (Ballarin 

et al., 2015), and antimicrobial deodorants (Nakashima et al., 2001). Various substances are 

utilized to inhibit bacterial growth, each with distinct mechanisms of action.  

Currently, there is a global effort to develop environmentally friendly polymer materials 

and biodegradable substances sourced from natural, renewable resources. This is driven by the 

adverse environmental impact of non-degradable polymer materials derived from petroleum 
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(F. Liu et al., 2023). Therefore, researchers are trying to create new functional biofilm materials 

with enhanced film-forming properties and strong antimicrobial properties. Polyvinyl alcohol 

(PVA) is a water-soluble polymer known for its biodegradability, film-forming ability, and 

tensile strength properties (Y. Liu et al., 2018). However, pure PVA film lacks antibacterial 

properties. To address this limitation, chitosan (CS) was selected to combine with PVA due to 

its antibacterial properties, and its hydroxyl and amine groups which enable the formation of 

hydrogen bonds with PVA. As a result, CS/PVA composite films have garnered significant 

attention for their excellent biodegradability and biocompatibility (Rafique et al., 2016). 

Chitosan, a straight-chain polysaccharide and the second most abundant biopolymer after 

cellulose, exhibits broad-spectrum antimicrobial properties and excellent biocompatibility 

(Anitha et al., 2014). Consequently, it presents an appealing option for combatting bacteria 

responsible for musty odors. For instance, Zhen Wang et al. demonstrated that customized 

antibacterial and environmentally friendly CS/PVA blended membranes exhibited high air 

filtration efficiency and antibacterial activity due to the successful blending of CS and PVA 

(Wang et al., 2018). Similarly, Suyoung Lee et al. found that chitosan particle size plays a 

significant role in antimicrobial activity against various fungi and bacteria, including both 

Gram-positive and Gram-negative strains (Lee et al., 2023)(Yanat et al., 2021). This suggests 

that chitosan particle size may contribute to its ability to combat odor-causing bacteria. 

The objectives of this study were to explore the impact of chitosan content and the method 

of chitosan incorporation into PVA film preparation on antibacterial performance and the 

resulting properties. The aim is to gain insights that can guide the further development of 

antibacterial materials for film packaging applications. 

2. Experimental

2.1 Materials 

All chemicals in this work were commercially available. Chitosan from different 

sources were employed: chitosan A (powder form with low molecular weight, Deacetylation 

over 75%) from Sigma-Aldrich (Thailand) Co. Ltd., and chitosan B (powder form, 

Deacetylation 99%)obtained from Sisco Research Laboratories Pvt. Ltd and used as received. 

Additionally, acetic acid (Glacial) 99.8% was procured from M&P Impex Ltd. 

2.2. Preparation of CS/PVA films using chitosan solution 

The composite films were prepared by first weighing chitosan particles of 0.008, 0.28, 

and 0.42 g and then chitosan was added into 25 ml of a 2% v/v acetic acid solution and stirred 

at room temperature for 6 hours. PVA amounts of 1.14, 1.30, and 1.62 g were separately 

dissolved in acetic acid solution at 90 °C for 3 hours and cooled to room temperature. The 

chitosan and PVA solutions were mixed in equal volumes, ensuring homogeneity and removal 

of air bubbles. The resulting solution was poured into a glass petri dish and left at room 

temperature for 2 days until dry (Sukthawon et al., 2020). Subsequently, the film was peeled 

off and subjected to antibacterial testing. 
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2.3 Preparation of CS/PVA films using chitosan powder 

Similarly, composite films were prepared by weighing chitosan particles of 0.008, 0.28, 

and 0.42 g. PVA pellets were dissolved in the acetic acid solution at 90 °C for 3 hours, followed 

by cooling to room temperature. Chitosan particles were mixed with the PVA solution at room 

temperature until homogeneity was achieved. After removing air bubbles, the mixture was 

poured into a glass Petri dish and left to dry for 2 days at room temperature. The resulting film 

was then peeled off and subjected to antibacterial testing.  

2.4 Antimicrobial testing 

Bacterial cultures were grown in nutrient broth and incubated at 37 °C for 18–24 hours 

to assess growth. A clear turbidity indicated bacterial growth. Subsequently, the starter culture 

was spread onto nutrient agar plates using the Swab Plate Technique. A hole was drilled into 

the agar, and the composite material was placed into it. The formation of a clear zone around 

the hole was observed, and the diameter of this zone was measured, indicating antibacterial 

activity (Selim et al., 2022).  

3. Results and Discussion

3.1 Chitosan particle characteristics 

In this research, two distinct sources of chitosan particles, labeled as chitosan A and 

chitosan B, were used. Utilizing a Particle Size Analyzer, an assessment of both particle sizes 

range was conducted. The results revealed that chitosan A exhibited an average particle size 

ranging from 102 to 186 µm, while chitosan B displayed an average particle size ranging from 

89 to 179 µm, as depicted in Fig. 1. Notably, it was observed that the chitosan A appeared 

slightly larger particle size compared to chitosan B. 

Fig. 1 Particle size distribution of chitosan particles. 

Further examination of the morphology and distribution of these chitosan particles was 

performed using Scanning Electron Microscopy (SEM), as illustrated in Fig. 2. The SEM 
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images revealed the rugged surfaces of commercial-grade chitosan A and B. Both types of 

chitosan particles exhibited irregular shapes and non-uniform morphology. 

Fig. 2 SEM images of: (a, b) chitosan A, (c, d) chitosan B. 

3.2 CS/PVA films characteristics 

Table 1. Film thickness size. 

Order Film name Thickness(mm) 

1 A-0.008P 0.10 

2 A-0.28P 0.11 

3 A-0.42P 0.13 

4 B-0.28P 0.09 

5 A-0.28S - 

6 B-0.28S - 

7 pure PVA 0.12 

Note * – Digital thermoplastic vernier cannot be used for measurement. 

– P, S = chitosan powder and chitosan solution

– A, B = chitosan particle size A and chitosan particle size B

The characteristics of CS/PVA films were assessed by measuring their thickness using a 

Vernier caliper. These molded films, comprising PVA and chitosan powder or chitosan 

solution, were found to possess similar dimensions, as they were fabricated using consistent 

solution volumes and petri dish sizes. Consequently, the thickness measurements fell within a 

comparable range of 0.9-0.12 mm (Table 1). 

The transparency of the PVA film was apparent (see Fig. 3(g)). Films containing chitosan 

A in powder form and varying ratios of PVA exhibited distinct properties. When 0.008 g of 

a) b) 

c) d) 
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chitosan A was mixed with PVA, a uniform distribution was achieved, resulting in a transparent 

film akin to pure PVA (Fig. 3(a)). However, as the amount of chitosan A in solution increased, 

the films displayed a yellowish hue due to the dispersed chitosan particles throughout (Fig. 3(b) 

and 3(c)). Fig. 3(c) appeared notably more yellowish than Fig. 3(b) due to the higher chitosan 

concentration. Moreover, clumps were evident in areas of the film, attributed to chitosan 

particle agglomeration within the PVA solution, particularly pronounced at higher 

concentrations. 

Comparatively, films prepared from chitosan A and B powder at a ratio of 0.28 g 

demonstrated distinct characteristics (Fig. 3(b) and 3(d)). Chitosan B exhibited poor 

homogeneity with PVA, resulting in clumps formation. This was attributed to its smaller 

particle size, leading to increased agglomeration in the PVA solution. Conversely, films 

utilizing chitosan A and B in solution form (Fig. 3(e) and 3(f)) exhibited a more uniform 

distribution of chitosan over the film surface, indicating effective integration with the PVA 

solution. 

Fig. 3 The CS/PVA films: (a) A-0.008P, (b) A-0.28P, (c) A-0.42P, (d) B-0.28P, (e) A-0.28S,  

(f) B-0.28S, and (g) pure PVA.

3.3 Transparency of the films 

The transparency of CS/PVA films was assessed through photographic analysis, as 

depicted in Fig. 4. It was observed that varying the chitosan content had a noticeable impact on 

the transparency of the resulting films. For instance, the film composed of PVA and 0.008 g of 

chitosan A powder (Fig. 4(a)) exhibited a clear, transparent appearance akin to pure PVA film 

(Fig. 4(g)). However, increasing the chitosan A powder content altered the color and 

transparency of the film (Fig. 4(a)-4(c)). Higher concentrations of chitosan powder resulted in 

a yellowish hue, corresponding to the color of the chitosan particles, and decreased 

transparency. However, the addition of chitosan in solution form (Fig. 4(e)-4(f)) had a lesser 

impact on film transparency compared to chitosan powder. 

a) b)

)

c) 

d) e) f) g) 
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Fig. 4 Transparency test of the CS/PVA films: (a) A-0.008P, (b) A-0.28P, (c) A-0.42P, 

(d) B-0.28P, (e) A-0.28S,  (f) B-0.28S, and (g) pure PVA.

3.4 Antimicrobial test 

The antibacterial efficacy of chitosan solution was evaluated by testing its ability to 

inhibit two bacterial strains, Escherichia coli and Staphylococcus aureus, using varying 

concentrations of chitosan (0.008, 0.28, and 0.42 g) in acetic acid, as illustrated in Fig. 5. 

Against Escherichia coli, chitosan A solution at 0.42 g formed a clear zone of 1.4 cm, while 

chitosan B solution at the same concentration resulted in a clear zone of 1.6 cm. At 0.28 g, 

chitosan A solution formed a clear zone of 1.2 cm, and chitosan B solution produced a clear 

zone of 1.5 cm. Similarly, when tested against Staphylococcus aureus, chitosan A solution at 

0.42 g resulted in a clear zone of 1.8 cm, and chitosan B solution produced a clear zone of 1.7 

cm. At 0.28 g, chitosan A solution formed a clear zone of 1.5 cm, while chitosan B solution

resulted in a clear zone of 1.3 cm. Notably, even at a concentration of 0.008, a clear zone was

observed, although some bacteria remained within the cleared area. These results indicate that

higher concentrations of chitosan are more effective in inhibiting bacterial growth, as evidenced

by the formation of wider clear zones. Therefore, it can be inferred that the width of the clear

zone correlates with the efficiency of bacterial inhibition (Yang et al., 2018).

Fig. 5 Antibacterial activity of chitosan A and chitosan B solutions. 

a) b) c) 

d) e) f) g) 

Chitosan A Chitosan B 
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The antibacterial efficacy of CS/PVA films was assessed by testing their ability to inhibit 

two bacterial strains, Escherichia coli and Staphylococcus aureus. The results are presented in 

Fig. 6. Films were fabricated using powdered chitosan particles and PVA solution, as depicted 

in Fig. 6(a). However, no antibacterial activity was observed against either bacterial strain, 

indicated by the absence of a clear zone. Similarly, films fabricated from chitosan solution, 

shown in Fig. 6(b), displayed no antibacterial activity against Escherichia coli and 

Staphylococcus aureus, as evidenced by the absence of clear zones. Despite chitosan being 

inherently antibacterial, it did not leach from the film but remained well-contained within the 

film structure. Consequently, the outer surface of the film lacked antibacterial resistance. It can 

be concluded that neither type of film exhibited antibacterial properties under the tested 

conditions. 

Fig. 6 Antibacterial activity of CS/PVA films: a) Chitosan powder, b) Chitosan solution. 

4. Conclusion

A composite film of chitosan/polyvinyl alcohol film was fabricated to explore the impact 

of chitosan content and the method of chitosan incorporation into PVA film on antibacterial 

efficacy. Antibacterial tests were conducted using chitosan solution against Escherichia coli 

and Staphylococcus aureus. Interestingly, clear zones were observed in every solution, 

indicating antibacterial activity. However, when examining films made with chitosan both in 

pwder form and solutiom form, no clear zones were evident. Furthermore, the influence of 

chitosan concentration on composite material properties was investigated. Increasing chitosan 

content affected on the homogenity and transparecy of CS/PVA composite. 
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Abstract 

Butyl levulinate (BL) is an attractive alternative as a biofuel additive. This research was studied 
conversion of furfuryl alcohol to butyl levulinate using an alumina-supported tungsten catalyst. 
The effect of different tungsten precursors, including ammonium metatungstate (ANW), 
phosphotungstic acid (PWA), silicotungstic acid (SWA), amount of tungsten and reaction time 
on furfuryl alcohol conversion and product yield were investigated. The catalysts were prepared 
by an incipient wetness impregnation, and they were tested in the reaction between furfuryl 
alcohol and butyl alcohol. The results from the reaction test showed that the catalyst with the 
best results was the SWA/Al2O3 catalyst. It presented the highest furfuryl alcohol and BL yield. 
An increasing the amount of tungsten on the SWA/Al2O3 catalyst from 10 to 30 wt% resulted 
in improving BL yield due to the large amount active site making it highly reactive. By 
changing the reaction time, it was found that the increase of reaction time from 3 to 6 hours can 
enhance BL yield. The appropriate conditions for converting furfuryl alcohol to butyl levulinate 
using the alumina-supported tungsten catalyst in this study were using 30 wt% of SWA on 
Al2O3 catalyst, furfuryl alcohol to butyl alcohol ratio of 1:20 at 120°C for 6 hr. 

Keywords: Furfuryl alcohol, butyl levulinate, tungsten, alumina 

1. Introduction

The widespread use of petroleum fuels worldwide has led to a significant escalation in 
air pollutant emissions, stemming from fossil-based sources like gasoline and diesel. This poses 
substantial environmental and health concerns, exacerbated by the increasing demand for 
petroleum fuels amid dwindling fossil fuel reserves. Consequently, numerous countries are 
actively seeking alternatives to fossil energy, turning to renewable energy sources for 
sustainability. Biomass energy, as a renewable and environmentally benign energy source, has 
garnered significant attention in this pursuit of greener energy solutions. Leveraging biomass 
resources aligns with the principles of sustainable development and green economic growth, 
offering promising avenues for biofuel and biochemical production. For instance, cellulose and 
lignocellulose biomass can be directly converted into bioethanol or transformed into furfuryl 
alcohol, which can then be further processed into liquid ester compounds, such as butyl 
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levulinate, presenting an attractive alternative to conventional fuel additives like methyl butyl 
ether or MTBE (Zhou et al., 2022). 

Reaction conditions and catalysts play pivotal roles in determining the yield of butyl 
levulinate. Numerous studies have explored various catalysts and reaction conditions to 
enhance butyl levulinate production under mild conditions. For example, Thuppati et al. 
investigated the conversion of furfuryl alcohol to butyl levulinate using tungsten state zirconia 
and a carbon sulfonate catalyst, achieving a high yield of 80% (Thuppati et al., 2021). Similarly, 
Rao et al. explored the conversion using zinc exchanged heteropoly tungstate supported on 
niobia catalysts, achieving an impressive yield of 94% (Rao et al., 2017) . Additionally, Zhang 
et al. studied furfuryl alcohol conversion to butyl levulinate using solid catalysts composed of 
organic and inorganic acids, with yields reaching up to 93% (Zhang et al., 2011). 

This study focuses on the production of butyl levulinate through the conversion of 
furfuryl alcohol and butanol using various tungsten-modified alumina catalyst. Alumina 
exhibits several advantageous properties, including high acidity, high surface area and high 
thermal stability. Three tungsten precursors including phosphotungstic acid, silicotungstic acid, 
and ammonium metatungstate, known for their superior catalytic properties and high acidity, 
was employed. These tungsten precursors catalysts are environmentally friendly and stable, 
qualifying them as green catalysts. Consequently, there is an intriguing prospect of modifying 
alumina with these catalysts.  

2. Experimental

2.1 Chemicals 
Furfuryl alcohol (98%) was purchased from Sigma-Aldrich. Alfa Aesar supplied 

reagent-grade tungstosilicic acid hydrate, ammonium metatungstate hydrate, 12-
tungstophosphate hydrate, and gamma-phase aluminum oxide. 1-Butanol (analytical reagent 
grade) was obtained from Quality Reagent Chemical Product (QREC Asia). All reagents were 
used as received without further purification. 

2.2 Catalyst preparation 
Tungsten catalysts supported on alumina were prepared using the incipient wetness 

impregnation method. Gamma-alumina served as the supporting material. Each tungsten 
precursor was dissolved in deionized water to achieve the desired concentration. Subsequently, 
the solution was dropped to the alumina support and thoroughly grinded. After drying at 110°C 
for 24 hours, the catalysts were calcined at 500 °C for 3 hours, resulting in the formation of 
PWA/Al2O3, SWA/Al2O3, and ANW/Al2O3 catalysts.  

2.3 Characterizations of catalysts 
The catalysts' properties were analyzed through various analytical techniques. The 

structure and crystal characteristics were examined using an X-ray Diffractometer (XRD) on 
Bruker AXS Model D8 Discover with CuKα radiation form 20°-80°. The morphology of the 
catalysts and the distribution of tungsten on the catalyst surface were analyzed using a Scanning 
Electron Microscope with Energy Dispersive X-Ray Analysis (SEM-EDX). The JEOL mode 
JSM-6400 SEM was used. The programme Link Isis series 300 was applied for the EDX. 
Additionally, the acidity of the catalyst was determined using the potentiometric titration 
method. 
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2.4  Reaction Test
The catalytic activity of alumina-supported tungsten catalysts was examined through 

the alcoholysis of furfuryl alcohol and n-butanol. The catalyst and reactants were introduced 
into a reactor, after which the air inside the reactor was evacuated and replaced with nitrogen 
to reach a pressure of 1 bar. The reactor was then heated to 120 °C and maintained at this 
temperature for varying durations. Following the reaction, the reactor was rapidly cooled in a 
cooling bath, and the catalyst was separated from the solution. Gas chromatograph with flame 
ionization detector (GC-FID) and DB-5 capillary column was employed at a detector 
temperature of 250 °C to determine the concentrations of remaining reactants and occurring 
products. These concentrations were used to calculate the conversion and selectivity of the 
reaction. 

3. Result and discussion

3.1 Catalysts characteristics 
XRD analysis was conducted to examine the crystallinity of the alumina-supported 

tungsten catalysts. In Fig. 1(a)-1(b), peaks corresponding to Al2O3 were observed in all catalysts 
at 37°, 45°, and 66° (Samruddhi et al., 2022). WO3 peaks were only detected in the ANW/Al2O3 
catalyst, presenting as minor peaks at 23°, 33°, and 39° (Mengesha et al., 2020). The absence 
of WO3 peaks in the SWA/Al2O3 and PWA/Al2O3 catalysts suggests that tungsten oxide was 
well dispersed on the Al2O3 support. Despite the increased tungsten content to 30 wt% in the 
SWA/Al2O3 catalyst, WO3 peaks remained absent. 

Fig. 1 XRD patterns of alumina-supported tungsten catalysts: a) with different tungsten 
precursors, b) with different amount of SWA. 

The SEM technique was employed to analyze the morphology and distribution of 
various tungsten precursor types on the Al2O3 support. As depicted in Fig. 2, the particle sizes 
of the catalysts were relatively uniform and irregular shape, ranging from 50 to 95 µm across 
all catalysts due to the utilization of the same alumina support. Moreover, the SEM images 
displayed a similar rough surface texture. The elemental composition of the catalyst, featuring 
different types of tungsten precursors on an alumina support, was analyzed using the EDX 
technique. The analysis depicted the presence of oxygen (O), alumina (Al), and tungsten (W), 
as illustrated in Fig. 3. Each element was visually represented by green, red, and blue dots, 
respectively. Tungsten exhibited a uniform distribution on the alumina surface. 

(a) (b) 
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Among the different tungsten precursors, 20% SWA/Al2O3  appeared to possess the 

highest density of tungsten on the surface compared to 20% PWA/Al2O3 and 20%ANW/Al2O3, 
while 20%ANW/Al2O3 exhibited the lowest density of tungsten on the surface. Furthermore, 
the surface composition of tungsten in 30% SWA/Al2O3 had a higher amount compared to 20% 
SWA/Al2O3. 

 

Fig. 2 SEM images of the catalysts: (a, b) 20%ANW/Al2O3, (c, d) 20%PWA/Al2O3, (e, f) 
20%SWA/Al2O3, (g, h) 30%SWA/Al2O3. 

Based on Fig. 4, the acidity was evaluated by the back titration (Rao et al., 2006). From 
the initial electric potential readings, it was observed that the 20%SWA/Al2O3 exhibited the 
highest acidity at 87.4 mV, followed by 20%PWA/Al2O3 at 85.1 mV, and 20%ANW/Al2O3 
showed the lowest acidity strength at 80.2 mV. All three catalysts displayed electric potentials 
within the strong site range (Rao et al., 2006). Further analysis of the acidity levels revealed 
that 20%SWA/Al2O3 demonstrated the highest acidity amount, indicated by the length of the 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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curve before reaching equilibrium. A longer curve suggests the utilization of more base, hence 
indicating higher acidity. Consequently, 20%PWA/Al2O3 displayed the next highest acidity 
level, while 20%ANW/Al2O3 exhibited the lowest acidity content. 

Fig. 3 EDX mappings of the catalysts: (a) 20%ANW/Al2O3, (b) 20%PWA/Al2O3, (c) 20%SWA/Al2O3, 
(d) 30%SWA/Al2O3

Fig. 4 Relationship between the electric potential value and the amount of base. 

(a) (b) (c) (d)

O O O O 

Al Al Al Al 

W W W W 
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3.2 Reaction test 

Table 1 displays the furfuryl alcohol conversion, product selectivity, and yield, 
presenting the impact of various tungsten precursors on alumina supports. Among the different 
tungsten precursor types, the 20% SWA/ SWA/Al2O3 catalyst demonstrated the highest furfuryl 
alcohol conversion and butyl levulinate yield, consistent with the acidity analysis findings. This 
underscores the pivotal role of acidity in catalyst performance, facilitating rapid reaction rates 
(Mohammadbagheri et al., 2018) and thereby influencing furfuryl alcohol conversion and butyl 
levulinate yield during product formation. Additionally, an increase in tungsten content on the 
alumina support correlated with higher furfuryl alcohol conversion (Siva Sankar et al., 2017). 
For instance, the 30%SWA/Al2O3 catalyst achieved a furfuryl alcohol conversion of 73.7% in 
1 hour and 77.8% in 3 hours, with the highest butyl levulinate yield of 88.7% observed after 6 
hours of reaction time. However, despite the high yield, the selectivity of butyl levulinate 
remained low, with 2-butyl furan exhibiting the highest selectivity among all catalysts used. 
Examining the effect of tungsten precursor amount on Al2O3-supported reactions revealed that 
a tungsten content exceeding 10 wt% is necessary for butyl levulinate production through 
furfuryl alcohol conversion using the SWA/Al2O3 catalyst. It can conclude that the 30% 
SWA/Al2O3 catalyst exhibited superior reactivity in this study, resulting in the highest 
conversion and butyl levulinate selectivity. 

Table 1 Catalytic performance of the catalysts. 

Catalysts Time 

(hr) 

FA 

Conversion 

(%) 

% Selectivity % Yield 

2-Butyl

Furan 

Butyl 

Levulinate 
Others 

2-Butyl

Furan 

Butyl 

Levulinate 
Others 

20%ANW/Al2O3 3 22.6 71.3 20.7 8.0 16.1 4.7 1.8 

20% PWA/Al2O3 3 50.6 100 0.0 0.0 50.7 0.0 0.0 

20% SWA/Al2O3 3 57.4 82.0 18.0 0.0 47.1 10.3 0.0 

10% SWA/Al2O3 3 26.3 100 0.0 0.0 26.3 0.0 0.0 

30% SWA/Al2O3 3 77.8 67.9 17.5 14.6 52.8 13.6 11.4 

30% SWA/Al2O3 1 73.7 73.7 13.5 12.9 54.3 9.9 9.5 

30% SWA/Al2O3 6 88.7 73.7 19.4 7.2 65.1 17.2 6.4 

4. Conclusion
This study focused on the conversion of furfuryl alcohol to butyl levulinate utilizing an alumina-
supported tungsten catalyst. Various tungsten precursors, including ANW, PWA, and SWA,
along with different amounts of tungsten and reaction times, were investigated to assess their
impact on furfuryl alcohol conversion and product yield. The SWA/Al2O3 emerges as a
particularly suitable catalyst for converting furfuryl alcohol to butyl levulinate. Further
investigation into the impact of tungsten precursor quantity on alumina support during the
reaction revealed promising results with increased SWA content. A tungsten content in the
SWA/Al2O3 exceeding 10wt% is necessary to achieve significant butyl levulinate production.
Prolonged reaction times, particularly observed with 30%SWA/Al2O3 at 6 hours, yielded
highest conversion and product selectivity.
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Abstract 

Diabetes is concerned as one of the principal chronic diseases which is indicated by the high 

glucose level in human blood stream. In clinical diagnosis, high glucose concentration in blood 

can cause fast coagulation, while intensive biomolecule components lead to analytical 

problems. Therefore, noninvasive and accurate glucose detection is preferred. In this work, 

synthesis of carbon quantum dots using lignin as a carbon source (LCDs) via a simple and eco-

friendly hydrothermal method in an aqueous solution was developed. The influence of mono- 

and bi-metallic dopants (Pt and Ru) onto LCDs structure on enhanced catalytic activity for low 

glucose concentration detection was investigated. The results exhibited that PtRu/LCDs-water 

was the best nanozyme that showed best performance on catalyzing H2O2 dissociation and thus 

promisingly facilitated both colorimetric and fluorimetric glucose detection with high accuracy. 

Successful colorimetric glucose detection using PtRu/LCDs nanozyme at the range of glucose 

between 0.01 mM and 1 mM at limit of detection of 0.01 mM covered the glucose blood level 

range of both healthy persons and ones with diabetes. The color changes of PtRu/LCDs-

water/cellulose nanocomposites were virtually observed at the different concentrations of H2O2. 

PtRu/LCDs-water/cellulose nanocomposites have potential to utilize as paper-based H2O2 and 

glucose sensing application. 

Keywords: carbon dots; metal/cellulose nanocomposite; fluorescence assay; colorimetric 

assay; glucose detection. 

1. Introduction

According to the World Health Organization (WHO) database of adult’s diabetes risk

currently, the number of patients has been rising over 8.8% of the world’s population and it is 

believed that the continuous increase will continue up to 9.9% in 2045 (Standl et al., 2019). The 

most common glucose detection method for diabetes’s clinical diagnosis is carried on by using 

blood glucose measurement, but in detail, high concentration of glucose and intensive 

biomolecule components in blood stream lead to considerable problems for analytical 

procedure (Boselli et al., 2021). It was reported that the fasting blood glucose level of healthy 

people is in the range of 0.05-0.55 mM (Boselli et al., 2021) and that of people with diabetes is 

in the range of 0.55-1.77 mM (Lee et al., 2017). Therefore, the development of rapid, accurate 
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and sensitive glucose detection assays for both ranges aforementioned from nanomolar to 

millimolar level have been extensively investigated.  

Colorimetric and fluorimetric assays for glucose detection with high sensitivity have been 

widely disclosed due to their simplicity and rapid process. One of interesting procedures is 

using nanozymes or nanomaterials that could effectively catalyze the reaction with glucose 

substrate at room temperature to generate color or fluorescent emission of compounds. In 

general, the oxidation of glucose catalyzed by glucose oxidase (GOx) enzyme produces 

gluconic acid and hydrogen peroxide (H2O2) as the products. Thus, generated H2O2 is a key 

substrate in an optical or fluorimetric detection. Horseradish peroxidase (HRP) is a selective 

enzyme to catalyze not only the decomposition of H2O2 into H2O and O2, but also the 

production of OH radicals (OH). In the colorimetric method, 3,3′,5,5′-tetramethylbenzidine 

(TMB) is widely used as a substrate that could be oxidized by ·OH. The oxidized TMB 

generates a blue-colored compound having absorbance at 652 nm (Wang et al., 2023), and thus 

it can be detected under UV-vis spectroscopic analysis.  In case of fluorimetric assay, it was 

reported that carbon nanodots doped silver nanoparticles showed an outstanding fluorescence 

property as a nanozyme. The changes of fluorescent intensity during the reaction can be nicely 

correlated with the concentration of H2O2 and glucose. The fluorescence quenching occurred 

when the mimetic nanozyme is covered by the metal on the surface, after the oxidation of 

glucose, it causes the fluorescence turn on. This turn-on/turn-off fluorescence property of the 

nanomaterials can be detected under spectrofluorimetric analysis (Ma et al., 2016). It was 

additionally revealed that nitrogen and/or sulfur doped carbon dots (NS-CDs) and metal CDs 

hybrid structures were nanozymes that exhibited peroxidase-like activity, therefore they have 

potential for colorimetric and fluorimetric H2O2 (Saengsrichan et al., 2022) and glucose sensing 

(Ngo et al., 2021). 

In this work, carbon quantum dots derived from lignin (LCDs) was prepared in aqueous 

solution via hydrothermal process. The influence of mono-metallic and bi-metallic dopants 

including Pt, Ru, and PtRu, on an increase of the catalytic peroxidase-like activity of LCDs was 

investigated in comparison with native LCDs. Firstly, the study on their performance on 

catalyzing peroxidase-like reaction in the presence of H2O2 at room temperature was conducted. 

Secondly, the best nanozyme with highest peroxidase-like reactivity was employed for glucose 

sensing for both colorimetric and fluorimetric detection assays. Limit of detection (LOD) and 

linearity range of both glucose detection methods were reported herein. 

2. Materials and Methods

2.1. Materials 

Alkali lignin (AL) with low sulfonate content, chloroplatinic acid (H2PtCl6·xH2O), 

ruthenium (III) chloride hydrate (RuCl3·xH2O), sodium borohydride (NaBH4) (≥ 99.98% trace 

metals basis) were purchased from Sigma-Aldrich, USA. Hydrogen peroxide (H2O2) 3 wt.% 

solution, D-(+)-Glucose (C6H12O6), glucose oxidase (GOx) from Aspergillus niger, 3,3′,5,5′-

Tetramethylbenzidine (TMB), and filter papers (Whatman No. 4) were purchased from Sigma-

Aldrich, USA. Sodium acetate, acetic acid, potassium dihydrogen phosphate, and sodium 

hydroxide were supplied from Ajax Finechem, USA.  

2.2. Synthesis of lignin derived carbon quantum dots (LCDs) and metal doped LCDs 

LCDs was synthesized via 220°C hydrothermal process for 6 h. To obtain LCDs, lignin 

was hydrothermally reacted with ultrapure water in a pressurized reactor and after the reaction 
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it was cooled down naturally. LCDs solution was first centrifuged to separate large particle of 

residual lignin and then filtered via microfiltration at 0.22 m. LCDs solution was afterward 

dialyzed in dialysis membrane to remove unwanted intermediate chemicals generated.  

For the synthesis of mono-metallic/LCDs, 20 mmol of H2PtCl6·xH2O or 20 mmol of 

RuCl3·xH2O was added in 48 mg LCDs sample, the obtained products were named as Pt/LCDs-

water and Ru/LCDs-water, respectively. For the bi-metallic/LCDs, 20 mmol of H2PtCl6·xH2O 

and 20 mmol of RuCl3·xH2O were added in 48 mg LCDs sample, the obtained product was 

named as PtRu/LCDs-water.   

2.3. Peroxidase-like activity of hydrogen peroxide (H2O2) and glucose detection by 

colorimetric and fluorimetric methods 

For peroxidase-like activity study, various concentrations of H2O2 solution were prepared 

and added into a mixture of metal doped LCDs, or native LCDs containing TMB dissolved in 

Na-acetate buffer pH 4.0. UV-vis spectroscopy at 652 nm was conducted to quantify amount 

of oxidized TMB in the case of colorimetric analysis from 0 min to 30 min at room temperature 

(25 C). While fluorometry was conducted at excitation wavelength of 280 nm from 0 min to 

30 min at room temperature (25 C) in the case of fluorimetric detection of H2O2.  

 For glucose detection, D-(+)-glucose stock solution was diluted to various concentrations 

and thus mixed with glucose oxidase (GOx) dissolved in 0.1 M phosphate buffer solution (PBS) 

pH 7.4. Then, the mixture was incubated at 37°C for 30 min to fully produce H2O2 as a product. 

The peroxidase-like reaction was again carried on similar to the aforementioned procedures of 

both colorimetric and fluorimetric detection.  

2.4. Fabrication of metal/LCDs/cellulose nanocomposites 

The filter paper (Whatman No. 4) was used as a cellulose matrix for the fabrication of 

metal/LCDs/cellulose nanocomposites. For H2O2 detection in the solid-state form, the filter 

paper strip was soaked in the mixture of LCDs, TMB, and Na- acetate buffer pH 4.0. The 

nanocomposite was subsequently dried at 50°C for 1 h, dipped into the different concentrations 

of H2O2 and waited for 60 min. The color developed was finally observed. 

3. Results and Discussion

3.1. Characterization of LCDs and metal doped LCDs 

Carbon quantum dots derived from lignin (LCDs) was synthesized through hydrothermal 

treatment, then the obtained LCDs solution was doped with metals. The crystalline structure of 

LCDs-water and PtRu/LCDs-water was investigated using Raman spectroscopy as shown in 

Fig. 1(A) and Fig. 1(B), respectively. The Raman spectrum of LCDs-water and PtRu/LCDs-

water showed the peak at 1,358 and 1,374 cm-1 representing ID band of amorphous carbon, and 

that at 1,581 and 1,578 cm-1 representing IG band of crystallinity of carbon quantum dots, 

respectively (Niu et al., 2017). Low ID/IG ratio obtained from pristine LCDs confirms their high-

quality of graphitic structure of carbon. After doping PtRu onto LCDs, ID/IG ratio slightly 

decreased. This meant that Pt and Ru did not make any more defects to LCDs structure of 

PtRu/LCDs-water. From Fig. 1(C), PtRu/LCDs-water contained both sulfur (S) which 

presumably contaminants in lignin precursor from sulfite pulping process resulting in 

lignosulfonate (Fabbri et al., 2023) while chlorine (Cl) found in the sample came from Pt 

precursor. Pt and Ru were found in substantial amount from doping reaction onto LCDs surface 
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as shown in Fig. 1(D). Pt was successfully doped onto LCDs at 25.69 wt% and in the presence 

of Ru was ~10.78 wt%. 

Fig. 1 Raman spectroscopy of (A) LCDs-water and (B) PtRu/LCDs-water, (C) XRF of 

PtRu/LCDs-water, and (D) The elemental composition of PtRu/LCDs-water. 

3.2. Colorimetric H2O2 and glucose detection of LCDs and metal doped LCDs 

From the colorimetric assay for H2O2 detection, the color of oxidized TMB (ox-TMB) at 1 

mM H2O2 from different nanozymes namely LCDs, Pt/LCDs, Ru/LCDs, PtRu/LCDs and the 

control without nanozyme was demonstrated in Fig. 2(A). TMB was oxidized and its color was 

changed from colorless to blue color indicating higher amount of ox-TMB. Among all metal 

doped LCDs, PtRu/LCDs exhibited the highest reactivity on catalyzing TMB oxidation and 

produced strongest blue color of the reaction mixture within 30 min at room temperature (Fig. 

2(B)) due to the high catalytic property of bi-metallic nanostructure (Sergeev et al., 2014). The 

highest UV-vis absorbance of PtRu/LCDs with time-dependent peroxidase-like activity was 

achieved compared with the control. The lower absorbance intensity was found for Ru/LCDs, 

Pt/LCDs and native LCDs, respectively.  

Fig. 2 (A) The color developed of reaction mixture at 30 min, and (B) UV-vis absorption of

ox-TMB observed at 652 nm from 0-30 min at room temperature (25 C). 
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As illustrated in Fig. 3(A), a good correlation of glucose concentration from 0.01 mM to 10 

mM and the UV-vis absorbance of ox-TMB at 652 nm was obtained when the reaction was 

catalyzed by PtRu/LCDs. With an increase of glucose concentration in the reaction mixture, 

the more H2O2 was produced and the higher absorbance of oxidized TMB was obtained. The 

amount of ox-TMB can be calculated using the absorbance at wavelength 652 nm with the 

molar extinction coefficient (39,000 M-1 cm-1) (Bresoli-Obach et al., 2020). The very high 

correlation between amount of ox-TMB and glucose concentration was depicted in Fig. 3(B). 

The linear regression result provided the coefficient of determination (R-square) of 0.9923 for 

the linear range of 0.01-10 mM glucose. Therefore, the indirect colorimetric glucose detection 

assay using peroxidase mimetic nanozyme (PtRu/LCDs) could be efficiently used for glucose 

sensing with high accuracy. The finding demonstrated that using PtRu/LCDs as a nanozyme, 

the greatest length of linearity from 0.01 mM to 10.0 mM was achieved with high sensitivity at 

very low limit of detection (LOD) of 0.01 mM of glucose. 

Fig. 3 (A) The UV-vis absorption spectra from PtRu/LCDs-water; the inset, the color of 

buffer+TMB+PtRu/LCDs-water solution at different glucose concentrations at 60 min; (a)-(g) 

is 0, 0.01, 0.1, 1, 2, 5, and 10 mM and (B) The linear correlation of oxidized TMB catalyzed 

by PtRu/LCDs-water at 60 min at different glucose concentrations from 0.01-10.0 mM. 

3.3. Fluorimetric glucose detection of LCDs and metal doped LCDs 

As demonstrated in Fig. 4(A), the fluorescence emissive intensities of ox-TMB at different 

glucose concentrations from 0.1-10 mM catalyzed by PtRu/LCDs-water were compared with 

control in the absence of PtRu/LCDs-water nanozyme. At the excitation wavelength (Ex) of 

280 nm, the maximum fluorescent emissive intensity was found at wavelength (Em) of 410 

nm. The results confirm the effect of PtRu/LCDs-water as a nanozyme for catalyzing the 

dissociation of H2O2 to generate the OH radicals which further ox-TMB molecule. The inset 

of Fig. 4(A) shows the photographs of the solution mixture of 0.1 mM glucose in the presence 

of TMB after the reaction with PtRu/LCDs for 60 min under visible light and UV irradiation at 

254 nm. The emissive fluorescent color of the reaction mixture under UV irradiation was violet 

which corresponded to the Em at 410 nm of electromagnetic radiation wave.  

For quantitative analysis, a good correlation between fluorescence quenching (log FL) 

after 60 min and the glucose concentration was obtained as shown in Fig. 4(B). The linear range 

of the fluorimetric glucose detection by PtRu/LCDs nanozyme was achieved between 1 mM 
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and 10 mM with the LOD of 0.1 mM. It can be concluded that the fluorimetric glucose sensing 

assay was achieved when using PtRu/LCDs as the nanozyme that is virtually covered blood 

glucose concentration of patients with diabetes. The reactivity of PtRu/LCDs-water is the key 

parameter in the peroxidase-like reaction which leads to an enhanced glucose sensing 

sensitivity, accuracy and precision. To lower the LOD of fluorimetric detection of glucose, 

further optimization study as such metal loading for PtRu/LCDs synthesis, nanozyme dosage 

in the reaction, and kinetic study could be rigorously performed.  

Fig. 4 (A) The fluorescence intensity of the glucose sensing by PtRu/LCDs-water at different 

glucose concentration at Ex = 280 nm; the inset is the solution of buffer+TMB+PtRu/LCDs-

water at 0.1 mM glucose after 60 min under (a) visible light and (b) UV light @254 nm; (B) 

The plot of log FL versus glucose concentration (0.1-10 mM) catalyzed by PtRu/LCDs-

water at 60 min; inset showed the linear range between 1-10 mM of glucose concentration. 

The PtRu/LCDs-water/cellulose nanocomposites was tested in the peroxidase-like reaction 

in the presence of different concentration of H2O2 from 0.1-1 mM. The color was intense when 

the H2O2 concentration was increased and it can be observed easily with naked eyes (Fig. 5). 

This can be concluded that PtRu/LCDs-water/cellulose nanocomposites have potential to utilize 

as paper-based H2O2 and glucose sensing application. The accuracy and sensitivity of this 

technique will be continuedly proved.

Fig. 5 Colorimetric H2O2 detection by PtRu/LCDs-water/cellulose nanocomposites from 0.1-1 

mM at 60 min; (a) control (buffer+TMB+H2O2), and PtRu/LCDs-water sensing at (b) 0 mM, 

(c) 0.1 mM, (d) 0.5 mM, and (e) 1 mM of H2O2.

4. Conclusions

Lignin derived carbon quantum dots (LCDs) was magnificently synthesized via

hydrothermal process. Among all conjugated metals onto LCDs, the bi-metallic PtRu/LCDs-

water was the best nanozyme that exhibited best performance on catalyzing H2O2 dissociation 
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and thus could provide both colorimetric and fluorimetric glucose detection with high accuracy. 

Effective colorimetric glucose detection using PtRu/LCDs nanozyme resulted in high 

sensitivity at lengthy range of glucose between 0.01 mM and 1 mM which covers the glucose 

blood level range of both healthy persons and diabetic patients. PtRu/LCDs-water/cellulose 

nanocomposites fruitfully catalyzed color developed reaction with well correlation for the 

different concentrations of H2O2. PtRu/LCDs-water/cellulose nanocomposites have potential to 

utilize as paper-based H2O2 and glucose sensing application. 
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Abstract 

Sustainable development at the provincial level involves striving for economic and 

social growth while minimizing adverse impacts on the environment. Assessing the 

sustainability performance of provinces not only provides a measure of their sustainability but 

also highlights areas that require immediate attention. This assessment can lead to suggestions 

for improvement methods to move towards sustainable development. This research aims to 

evaluate the sustainability performance of 77 Thailand provinces in 2022 using Super-

efficiency Data Envelopment Analysis (DEA) model, considering various sustainability 

indicators that cover all three key elements: social, economic, and environmental. The chosen 

social indicator is the unemployed rate, the economic indicator is provincial gross product, and 

the environmental indicators include electricity consumption, water consumption, the amount 

of waste generated, and the amount of waste that can be recycled. The results indicated that 

approximately 28.6 percent of the provinces are efficient, while the remaining 71.4 percent are 

considered inefficient. The inefficient provinces have the potential to improve their efficiency 

by learning from the efficient ones. Notably, Sisaket is frequently referenced by the inefficient 

provinces for improvements, with the most significant area for enhancement being the recycling 

of waste, followed by water consumption. Additionally, the analysis revealed that Yasothon as 

the most efficient province, obtained an impressive score of 4.95. This suggests that Yasothon 

excels in waste resource management while efficiently utilizing other resources. 

Keywords:  Sustainability Assessment; Thailand Provinces; Data Envelopment Analysis; 

Super-efficiency; Sustainability Indicators 

1. Introduction

The province operates as an economic system driven by the efficient flow of materials 

and energy [1]. This involves utilizing resources such as water and electrical energy to 

manufacture goods and deliver services that meet consumer demands. Concurrently, the 

province plays a pivotal role in fostering economic prosperity and generating social benefits for 

the local population, encompassing education, culture, and livelihood opportunities, including 

increased employment prospects [2]. However, resource utilization has led to unavoidable 

environmental consequences, manifesting as global warming, diminished resource availability, 

air pollution, and a substantial increase in waste production [3]. To ensure sustainable 

development, encompassing economic and social advancement while remaining 

environmentally responsible, it becomes imperative to evaluate sustainability performance at 

the provincial level. This assessment serves as a gauge of the province's overall performance, 

shedding light on critical areas that demand attention. Ultimately, it paves the way for 

recommendations and strategies aimed at refining the province's approach to sustainable 

development. 
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Sustainable development practices have been implemented across various provinces in 

Thailand with the aim of fostering economic and societal progress while mitigating 

environmental impacts. The sustainability performance assessment involves considering 

economic, social, and environmental indicators, acknowledging their interconnected but often 

conflicting nature. Achieving optimal goals in all three elements simultaneously can be 

challenging [4]. Traditional multi-criteria decision-making tools (MDCM) are the most 

common techniques to serve this task; however, they rely on manually set weight values, 

leading to diverse results based on user preferences [5]. In contrast, this research utilizes DEA, 

as it calculates the efficiency score of decision-making units without having to manually assign 

the weights. DEA utilizes linear programming to determine optimal weights, allowing for clear 

identification of inefficient and effective decision-making units [6]. Additionally, DEA 

provides insights into improving and developing each indicator for every decision-making unit, 

enhancing the overall assessment process. 

This research aims to assess the sustainability performance of all 77 provinces in 

Thailand by examining social, economic, and environmental indicators consisting of 

employment rate, electrical consumption, water consumption, waste generation, recycled 

waste, and gross provincial product (GPP). DEA was employed to identify the sustainably 

efficient provinces, which will serve as benchmarks for improving indicators in less efficient 

provinces. This approach is designed to reduce resource consumption, minimize waste, and 

increase waste recycling, while enhancing economic returns. The continuous development of 

sustainable efficiency of the provinces can significantly impact the society, the economy, and 

the environment in Thailand. Consequently, this assessment sheds light on resource and waste 

management efficiency in each province and identifies essential factors influencing 

sustainability performance. 

2. Methods

This section provides information regarding the mathematical tools used in this study. 

2.1 Data Envelopment Analysis 

Data Envelopment Analysis or DEA is a mathematical method used to assess the 

efficiency of a set of decision-making units (DMUs) through a mathematical process known as 

linear programming [7].  It establishes efficiency boundaries from specified data, creating an 

efficient frontier that illustrates the relationship between output and input data. The efficient 

frontier serves as a benchmark for measuring the efficiency scores of other DMUs. The 

efficiency scores are determined by calculating the ratio of weighted-sum outputs to weighted-

sum inputs without requiring the knowledge of input-output relationships. DEA seeks to find 

the maximum relative efficiency score for each DMU when compared to the scores of the 

others. It is also essential to standardize the data for reasonable comparison, ensuring that all 

data are fairly treated on the same basis. This standardization allows for accurate and reliable 

assessments. 

2.2 Super-efficiency dual DEA Model 

The super-efficiency dual DEA is a model that can further assess the efficiency scores 

of DMUs beyond the efficient frontier [8]. In this model, the efficiency scores can exceed 1. 

This model excludes the assessed DMU from the reference set. Generally, the model measures 

how much the assessed DMU exceeds the boundary of the efficient frontier. However, the 

super-efficiency dual DEA model may encounter infeasibility issues when assumptions of 

Variable Returns to Scale (VRS) occur. In general, infeasibility usually occurs when it is 
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impossible to find a solution that satisfies the constraints of a particular problem. In the context 

of super-efficiency dual DEA with VRS, the infeasibility of model may arise due to the fact 

that the assessed DMU does not display input saving but only demonstrating output surplus [9]. 

Therefore, the current research has adopted the super-efficiency dual DEA model 

proposed by Lee et al. [9], which can address the infeasibility problem in the original model by 

seeking to determine potential surpluses in individual outputs, as illustrated in Eq. (1) below. 

min 
λj,Sr

∑ Sr
s
r=1       (1) 

Subjected to ∶ ∑ λjyrj
n
j=1,j≠0 + Sryro1 ≥ yro ; ∀r

∑ λj
s
r=1 = 1

Eq. (1) is calculated for each DMUo. Give a symbol ‘∗’ refers to the optimal decision 

variable or the output surplus (𝑆𝑟
∗) obtained from Eq. (1) and it will be further used in Eq. (2).

min θ̂o
λj

  (2) 

Subjected to ∶ ∑ λjxij
n
j=1,j≠0 ≤ θ̂oxio ; ∀i 

∑ λjyrj
n
j=1,j≠0 + 𝑆𝑟

∗yro ≥ yro ; ∀r

∑ λj
n
j=1 = 1

λj ≥ 0, i = 1, … , m, r = 1, … , s 

where n refers to the number of DMUs included in the assessment; o serves as an index for the 

assessed DMU for o = 1, …, n; j serves as an index for other DMUs for j = 1, …, n; m is the 

number of inputs consumed by DMUj; xij is the amount of input i (for i = 1, …, m) consumed 

by DMUj; s is the number of outputs generated by DMUj; and yrj is the amount of output r (for 

r  = 1, …, s) generated by DMUj. The optimal decision variables of Eq. (2) are as follows: θ̂o 

is the super-efficiency score of DMUo; and λj is a linear weight attached to every DMUj (for j 

= 1, …, n). 

The super-efficiency dual DEA model score (θo
SE) can be calculated from Eq. (3)

θo
SE =  1 = {

∑ (
yro

yro−Sr
∗yro

)
r∈R

|𝑅|
+ 𝜃𝑜

∗, 𝑖𝑓 𝑅 ≠ ∅

𝜃𝑜
∗, 𝑖𝑓 𝑅 ≠ ∅

(3) 

where 𝑅 = {𝑟|𝑆𝑟
∗ > 0}

In addition, the super-efficiency dual DEA model can suggest the improvement pathway 

of every inefficient DMU through its projection onto the efficient frontier [10]. The 

development targets are determined by referencing the benchmark efficiency scores of the 

efficient provinces, and the calculation involves multiplying indicator data by the 

corresponding linear weights, as shown in Eq. (4) and (5) for input and output data targets, 

respectively. 

𝑇ⅈ𝑜
∗ = ∑ 𝜆𝑗

∗𝑥ⅈ𝑗

𝑛

𝑗=1
(4) 

𝑇𝑟𝑜
∗ = ∑ 𝜆𝑗

∗𝑦𝑟𝑗

𝑛

𝑗=1
  (5) 
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where 𝑇ⅈ𝑜
∗ is a target of input i for DMUo; 𝑇𝑟𝑜

∗  is a target of output r; and 𝜆𝑗
∗ is a linear weight

attached to DMUj which is obtained by solving Eq. (2). 

It is worth pointing out that the target for input is always less than the original input 

data. On the other hand, the target for output is typically greater than the original output data. 

Subsequently, the improvement percentage for the inefficient provinces having the efficiency 

scores less than 1, is calculated on the basis of the projecting distance from the inefficient 

DMUo [11] onto the efficient frontier as shown in Eq. (6) and (7) of input and output data, 

respectively. 

%𝐼𝑀𝑃ⅈ
∗ =

(∑ 𝜆∗𝑥𝑖𝑗

𝑛

𝑗=1
)−𝑥𝑖𝑜

𝑥𝑖𝑗
× 100 (6) 

%𝐼𝑀𝑃𝑟
∗ =

𝑦𝑟𝑜−(∑ 𝜆∗𝑦𝑟𝑗

𝑛

𝑗=1
)

𝑦𝑟𝑜
× 100 (7) 

3. Results and discussion

3.1 Efficiency score 

The efficiency scores of each province were assessed through Data Envelopment 

Analysis, considering six sustainability indicators categorized into an input category (indicators 

to be minimized) and an output category (indicators to be maximized). Four inputs include 

Water Consumption, Electrical Consumption, Waste Generation, and Unemployment Rate, and 

two outputs include GPP and Waste Recycle. The analysis revealed 53 inefficient provinces, 

constituting 71.4 percent, exhibited efficiency scores lower than 1. In Fig. 1, the inefficient 

provinces are highlighted in red, with varying shades to denote the degree of inefficiency. Light 

red indicates extreme inefficiency, while dark red indicates increasing inefficiency closer to 1. 

These inefficient provinces present opportunities for development to enhance the efficiency. 

On the other hand, 24 efficient provinces, comprising 28.6 percent of the total, demonstrated 

efficiency scores greater than 1. In Fig. 1, these efficient provinces are depicted in green, with 

dark green indicating higher efficiency scores. Notably, the efficient provinces were distributed 

across various regions. Overall, the rural provinces were sustainably efficient as they could 

efficiently manage their resources with less constraints relevant to tourism or industry.  

Figure 2 shows a histogram of the efficiency scores of Thailand's provinces in 2022. 

Each bar on the graph represents the number of provinces having the efficiency score within a 

specific range. For instance, the 0.5 bar corresponds to provinces with an efficiency score 

ranging from 0.4 to 0.5. The green color denotes the efficient provinces, and the red color 

signifies the inefficient provinces. The histogram shows a right-skewed pattern with the median 

of the efficiency score of 0.839, which falls within the 0.9 bar. Furthermore, the majority of 

provinces are clustered within the 0.7 to 0.8 scores range, indicating that most provinces still 

exhibit an unsustainability and inefficiency.  This observation is supported by the presence of a 

score range below 1 in the majority of Thailand's provinces, suggesting ineffective resource 

management. Therefore, there appears to be a need for further development efforts. 

The efficiency scores of each province are contingent upon the values of sustainability 

indicators. A lower value of the input indicators corresponds to a higher score, while 

conversely, a higher value of the output indicators correlates with a higher score. Phuket 

performed worst in terms of sustainability with a score of 0.39. Despite being a popular tourist 

destination, Phuket faced inefficiencies due to several factors. The small size of the province  
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Fig. 1 Spatial heatmap of Thailand’s provinces super-efficiency scores in 2022. 

Fig. 2 The histogram of Thailand's provinces super-efficiency scores in 2022. 

coupled with high tourism levels can lead to challenges in waste management. The influx of 

tourists may contribute to increased waste generation. The substantial electricity usage, paired 

with a relatively low GPP, suggests an imbalance in resource utilization. Furthermore, 

difficulties in proper waste recycling contribute to Phuket Province's lower efficiency score. 

Conversely, Yasothon stood out as the most efficient province with a score of 4.95. Its success 

can be attributed to minimal resource usage, particularly in terms of electricity and water 
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consumption per capita. The low unemployment rate, with over 99 percent of the population in 

appropriate employment, reflects a well-managed labor market. Yasothon also excels in waste 

recycling, ranking third in the country for reusing waste to produce valuable products. Notable 

waste management projects, such as the "Sorting and Separating (Waste) for Merit" initiative, 

further contribute to Yasothon's efficiency. Despite a modest GPP value, effective resource 

management positions Yasothon Province as a model for efficiency and sustainability.

3.2 Improving the inefficient provinces 
Figure 3 illustrates the average improvement percentage for each indicator across the 

inefficient provinces. It is evident that the input indicators, including Water Consumption, 

Electrical Consumption, Waste Generation, and Unemployment Rate, should undergo 

reduction. Conversely, the output indicators, encompassing the Rate of Recycled Waste and 

Gross Provincial Product, should be increased. This adjustment aims to propel a province 

towards sustainability efficiency or an efficiency score of 1. Overall, the inefficient provinces 

should prioritize their improvement strategies towards maximizing the recycling rate, as it 

demonstrates the highest average percentage improvement at 37 percent. Subsequently, an 

emphasis should be placed on reducing water consumption, with an average percentage 

improvement as high as 36 percent, followed by an unemployment rate. Additionally, if waste 

generation and electricity consumption can be curtailed by comparable values, it will contribute 

to achieving sustainable efficiency. As for the provincial gross product, no additional 

adjustments are deemed necessary, as the value is already deemed appropriate. 

Fig. 3 Average improvement percentage for each sustainability indicator of the inefficient 

provinces. 

Furthermore, the province has undertaken additional development initiatives by 

creatively utilizing leftovers to add more value. Unsellable items, such as milk cartons, are 

transformed through innovation into aesthetically pleasing and functional products. This not 

only contributes to waste reduction but also encourages local people to use their free time in a 

meaningful way by adding significant value to the discarded materials. These practices not only 

address environmental concerns but also foster a sense of community engagement and 

resourcefulness. 
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3.3 Exemplary Provinces 

To enhance the efficiency of the provinces with efficiency scores less than 1, a viable 

approach is to refer to the lambda derived from the benchmarking against the efficiency frontier 

that is constructed from those efficient provinces. The lambda of the efficient provinces that 

were referenced by the inefficient provinces can be visualized as a heatmap in Fig. 4. The 

stronger green color denotes the higher value of lambda, reflecting the greater contribution of 

the efficient province that was used as a reference by the inefficient one.

Sisaket stood out among the efficient provinces as a prominent reference, having a 

summation of lambda values of 19.26 and has an efficiency score of 1.33. Sisaket’s efficiency 

score was not the highest, yet it remained the most frequent reference for improvements by the 

other inefficient provinces. This prominence is attributed to its wealth of pertinent indicators. 

Sisaket occupies a favorable position on the efficient frontier, while many inefficient provinces 

are dispersed outside the frontier and projected through the frontier closely aligns with Sisaket, 

thereby solidifying it as a prominent reference point [12]. 

Fig. 4 Heat map of lambda for non-performing provinces that use the efficient provinces as 

references. 

4. Conclusion

This research assessed the sustainability performance of 77 Thailand provinces in 2022, 

covering three dimensions of sustainability: economic, social, and environmental. The super-

efficiency DEA model was employed as the assessment tool which suggests that 24 out of 77 

provinces, 31 percent demonstrated overall sustainability efficiency, while the other 53 

provinces (69 percent) were found to be inefficient. The provinces identified as inefficient can 

enhance their sustainability by referencing the weighted values of the efficient provinces. The 

province with the highest reference weight was Sisaket, followed by Bung Kan. Subsequently, 

these weights were used to determine the targets and percentage improvement for each 

indicator. Overall, the inefficient provinces should prioritize their improvements on the 

recycling rate, with an average percentage improvement of 37 percent, followed by water 

consumption per capita with an average percentage improvement of 36 percent. 
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The analysis suggests that enhancing sustainability efficiency involves increasing input 

values and decreasing output values. Additionally, the use of the super-efficiency dual DEA 

model not only provides insightful results for the inefficient provinces but also allowed for 

measuring efficiency scores exceeding 1. This further facilitates the ranking of provinces based 

on their efficiency scores. The province with the highest efficiency score among all 77 

provinces was Yasothon, with a score of 4.95, while the province with the lowest efficiency 

score was Phuket, with a score of 0.39. 
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Abstract 

Biomass gasification has been studied widely as one of the most suitable approaches to 

recover energy from biomass feedstocks. However, the process typically relies on a complex 

mix of interacting variables, traditional models such as thermodynamic equilibrium and kinetics 

often struggle to achieve an accurate prediction. This research, therefore, focuses on a more 

powerful alternative that can handle complex input-output relationships, i.e., machine learning 

techniques, to develop predictive models of syngas from biomass gasification, including 

Hydrogen. The inputs of machine learning models include different key variables affecting 

product yield which cover different feedstocks and operating conditions, while the effect of 

cross-validation was also explored. The results showed that the most accurate model for 

hydrogen prediction was the Gradient Boosting Regressor, having the coefficient of 

determination or an R-squared of 0.9576 with 10-fold cross-validation. It can be observed that 

the model with cross-validation exhibited a lower performance than the model without cross-

validation. This could be attributed to the step of hyperparameter tuning with cross-validation 

which gives a more generalized set of hyperparameters that leads to a slightly less accurate 

model but could be more reliable to handle unseen data. SHapley Additive exPlanations analysis 

was implemented to the highest performance model to determine the important factors 

influencing the gasification process. It was found that gasifying agents are the most influential 

factor for hydrogen production. This information can be used as a valuable guideline for further 

process optimization.  

Keywords: Biomass gasification; Hydrogen; Machine learning; K-fold cross-validation; 

SHapley Additive exPlanation analysis  

1. Introduction

The world is actively seeking renewable energy alternatives due to the eventual 

depletion of non-renewable sources like oil, gas, coal, and nuclear energy. Renewable energy, 

including hydroelectricity, wind, solar, geothermal, biomass, and others, is favored for its 

environmentally friendly nature, aiming to reduce greenhouse gas emissions and combat 

climate change. Biomass, derived from organic materials like plants or animal waste, serves as 

a renewable energy source, contributing to sustainable development by allowing the growth of 

new biomass. 

Thailand, with a strong agricultural sector, possesses substantial biomass resources that 

can be utilized for energy production. The extensive agricultural land, around 40% of the 

country's area, provides a significant platform for biomass production [1]. As the population 

grows, there has been a rising demand for agricultural land, emphasizing the importance of 

sustainable practices. 
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Converting biomass into energy can be achieved through various technologies. 

Gasification is one of the most common thermochemical processes, which transforms biomass 

into usable fuels or chemicals, with H2 being a significant product. H2, a green fuel with high 

heating value, is environmentally friendly and holds potential for transportation and electricity 

generation. The accurate prediction of H2 production from biomass gasification is crucial for 

effective utilization. 

The prediction of syngas products from biomass gasification involves complex tasks 

influenced by multiple variables. Traditional models, such as thermodynamic equilibrium and 

kinetic models, have been complemented by modern alternatives like machine learning. Ascher 

et al. [2] have developed a high-performance predictive model of H2 from biomass gasification 

using an Artificial Neural Network (ANN). However, besides the neural-network-based model, 

other different types of machine learning algorithms, e.g., Extra Trees, Multi-layer Perceptron, 

Gradient Boosting, and K-nearest neighbors, have not yet been explored particularly for this 

application. 

Thus, this study aims to seek the highly accurate machine learning model for predicting 

H2  production from biomass gasification by investigating various forementioned machine 

learning techniques. Here, we also studied the effect of K-fold Cross-validation on the models’ 

performance. Using various types of feedstocks and operating conditions, the models consider 

other important factors such as particle size, proximate and ultimate analysis components, 

temperature, and steam-to-biomass ratio. SHAP analysis was employed to illustrate the 

relationships among various variables and observe how these variables affect the generation of 

H2 gas. This analysis helps to visualize the impact of different variables on the occurrence of 

H2 gas and understand their contributions.  

2. Materials and Methods

2.1 Data collection and description of dataset

A dataset of 408 samples involving different types of biomass feedstocks and reactor 

conditions was collected from various literatures, i.e., plastic with bubbling fluidized-bed 

reactor [3], different types of biomass feedstocks (including woody biomass, herbaceous 

biomass, sewage sludge, municipal solid waste, plastics, etc.) with downdraft and fluidized-bed 

reactor [4-6], municipal solid waste with horizontal reactor [7]. The input variables include the 

information of raw materials, covering the ultimate analysis, i.e., carbon, hydrogen, nitrogen, 

sulfur, and oxygen, and the proximate analysis, i.e., volatile matter, moisture, ash, and fixed 

carbon. Data on other operational parameters include those related to the characters of 

feedstock, i.e., feed type), feed shapes, particle sizes, low heating values, as well as the 

operating conditions, i.e., temperature, pressure, residence time, steam/biomass ratio, 

equivalency ratio, gasifying agent, reactor types, bed material, catalyst, and scale of operation. 

The output variables consist of the percent volume of syngas produced, i.e., H2 and CO2.  

2.2 Data pre-treatment 

In the machine learning procedure, data pre-treatment is the most time-consuming 

process in order to meticulously prepare a completed and high-quality dataset for model 

development. There are various steps needed to conduct as follows: 
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2.2.1 Dealing with missing data 

The data collected from various literature may suffer from incompleteness or missing 

data. Before using the data for training and testing purposes, data replacement must be 

completed to fill in the missing information to prepare a completed dataset for all selected 

variables. In this research, missing data was replaced with the median value since the collected 

data does not follow a normal distribution. Therefore, substituting with the median is an 

appropriate approach to fill in missing information without causing substantial changes to the 

overall data distribution. 

2.2.2 One-hot encoding 

When there are categorical variables involved in the machine learning models, there is 

a clear need to convert these variables numerically to improve the prediction accuracy of the 

models. One-hot encoding is often used to serve this task by creating a binary column for each 

category and assigning the values of 1 or 0 to each column representing the selection and no 

selection for each category, respectively.  

2.2.3 Data normalization 

The order of magnitude in the numeric values of some variables usually have significant 

variability, the data normalization is, therefore, an essential step to standardize the scale of these 

numerical features, ensuring consistency of the model's weights and biases. This step also 

accelerates the learning process by facilitating faster convergence of machine learning 

algorithms and enhancing model performance and training stability. In this study, Min-Max 

scaling was employed to normalize the data, bringing all variables within the range of 0 and 1. 

2.3 Exploratory Data Analysis (EDA) 

 To facilitate the understanding of the underlying relationship among various input 

variables, the Pearson correlation coefficient (PCC) was utilized to assess the linear relationship 

between two variables. It is a normalized measure, ranging from -1 to 1, calculated as the ratio 

of their covariance to the product of their standard deviations. However, it solely captures linear 

correlations and overlooks other relationship types.  

2.4 Model development 

Multiple machine learning models, including Extra Trees, Gradient Boosting Regressor, 

Multilayer Perceptron, and K-Nearest Neighbors, were studied and developed to predict H2 and 

CO2 production. To begin with, the dataset was split into two separate sets with a ratio of 70: 

30 for a training set and a testing set (unseen data), respectively. The training dataset was 

divided into K-fold corresponding to 5-fold and 10-fold cross-validation cases, before passing 

through the model training step which involves the tuning of the model’s hyperparameter 

through Bayesian algorithm. Then, the trained models were tested against the unseen data (test 

dataset) to assess their predictive performance, through the use of different performance 

metrics, i.e., the coefficient of determination (R2), mean absolute error (MAE), and mean

squared error (MSE). The objective was to find the most suitable and accurate model for 

predicting the H2 and CO2 production. The selected prediction model will go through SHAP 

value analysis to analyze important factors affecting H2 and CO2 production. 
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The following machine learning procedure was carried out in the Python programming 

language version 3.11. 

3. Results and Discussion

Before the collection of datasets was used for model development, it was pre-treated by 

filling in the missing data in some variables as mentioned earlier. The data has been categorized 

into numerical and categorical types. Using a one-hot encoder, categorical variables were 

transformed into numerical variables, which are more usable by the models. On the other hand, 

numerical variables were normalized to be within the same range, between 0 and 1. The step of 

EDA was done afterward to understand linear relationships between each numerical input 

variable through the creation of a Pearson correlation matrix. This matrix helps in eliminating 

variables with high correlations. The remaining variables are used to build a predictive model 

for further analysis.  The Pearson correlation matrix for each pair of input variables was 

calculated and illustrated in Fig. 1. 

Fig. 1 Correlation matrix for the following continuous input variables: Particle size (PS), 

Lower heating value (LHV), Carbon (C), Hydrogen (H), Nitrogen (N), Sulphur (S), Oxygen 

(O), Ash (ASH), Moisture (M), Volatile matter (VM), Fixed carbon (FC), Temperature (T), 

Steam-to-biomass ratio (SB), Equivalence Ratio (ER) 

The Pearson correlation coefficient (r) assesses the strength and direction of a linear 

relationship between two variables. In technical terms, a positive r (close to 1) indicates a strong 

positive relationship, meaning that as one variable increases, the other tends to increase. 

Conversely, a negative r (close to -1) indicates a strong negative relationship, where an increase 

in one variable is associated with a decrease in the other. When r is close to 0, there is little to 

no linear relationship. In this experiment, variables with correlation coefficients greater than 

0.6 or less than -0.6 will be excluded. This exclusion applies to variables such as LHV, N, O, 

FC, and VM, which exhibit a strong relationship in the same direction as other important 

variables. The goal is to improve the efficiency and accuracy of the model while reducing 

complexity in prediction. 

Subsequently, the remaining variables are used to create models, including Extra Trees, 

Gradient Boosting, K-nearest neighbors (KNN), 1-hidden-layer MLP, and 2-hidden-layer MLP, 
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with both cross-validation and no cross-validation. The performance of these models is 

compared based on various performance indicators such as R2, MSE, MAE, and the runtime for 

each model. The results are presented in Table 1 and Table 2. 

Table 1. Summary of performance evaluation of a test set of Extra trees and Gradient boosting 

model for syngas H2 

Indicator Extra trees Gradient Boosting 

No CV 5-fold CV 10-fold CV No CV 5-fold CV 10-fold CV

R2 0.9597 0.9583 0.9536 0.9687 0.9534 0.9576 

MSE 0.0019 0.002 0.0022 0.0015 0.0022 0.0021 

MAE 0.0259 0.0273 0.0294 0.242 0.0294 0.028 

Time (s) 85.29 137.03 232.67 86.06 92.34 100.78 

Table 2. Summary of performance evaluation of a test set of KNN and MLP model for syngas 

H2 

Indicator KNN 1-hidden-layer MLP 2-hidden-layer MLP

No 

CV 

5-fold

CV 

10-

fold 

CV 

No 

CV 

5-fold

CV 

10-

fold 

CV 

No 

CV 

5-fold

CV 

10-

fold 

CV 

R2 0.9486 0.942 0.9486 0.8767 0.8752 0.8421 0.8852 0.8778 0.8542 

MSE 0.0025 0.0028 0.0025 0.0059 0.006 0.0075 0.0055 0.0058 0.007 

MAE 0.0304 0.0386 0.0304 0.0593 0.0586 0.0668 0.056 0.0594 0.066 

Time (s) 45.45 85.49 121.7 51.68 104.2 162.7 76.13 66.7 74.34 

Given the necessity of utilizing the model for predicting unseen data, employing cross-

validation becomes crucial. A model with cross-validation is adept at handling external data the 

model has not encountered before. Comparing the results in Tables 1 and Table 2, the 10-fold 

cross-validation model displayed R2 values different from both the 5-fold and no cross-

validation models, though by a very small difference. Therefore, for the purpose of deploying 

the model to predict unseen data, the decision was to favor the 10-fold cross-validation model 

due to its slightly superior performance. 

After evaluating and comparing the performance of all five machine learning models 

with 10-fold cross-validation, it is evident that the gradient-boosting model exhibits the best 

performance. This is reflected in its R2 value of 0.9576, MAE of 0.028, and MSE of 0.0021. In 

comparison to the other models (Extra trees, K-nearest neighbors, 1-hidden-layer Multi-layer 

Perceptron, 2-hidden-layer Multi-layer Perceptron), which have R2 values of 0.9486, 0.8421, 

0.8542, and the MAE values are 0.0294, 0.0304, 0.0668, 0.066, while the MSE values are 

0.0022, 0.0025, 0.0075, 0.007, respectively. Therefore, Gradient Boosting outperforms the 

other models in terms of predictive accuracy.

517



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

The overall process is more time-consuming when using cross-validation, as observed 

in Table 1. and Table 2. This occurs because the model consistently divides the data into smaller 

groups more frequently during testing, leading to increased processing time and a reduction in 

the R2 value. However, a model with cross-validation is better at handling new, unseen data, 

even though it requires more time for each run. 

(a) (b)   (c) 

     (d)        (e) 

Fig 2. Distribution of predictions of difference models: (a) Extra trees (b) Gradient boosting 

(c) K-nearest neighbors (KNN) (d) 1-hidden-layer Multi-layer perceptron (e) 2-hidden-layer

Multi-layer perceptron with 10-fold cross-validation for H2 prediction. 

In summary, training the model, one can observe that the R2 of 3 models are closely 

comparable, including Extra tree, Gradient Boosting, and K-nearest neighbors. However, the 

performance of the model Multi-layer perceptron 1 and 2 hidden-layer significantly declines, 

as illustrated in Fig2(a), Fig2(b), Fig2(c), Fig2(d), and Fig2(e).  This is attributed to the fact that 

Model Multi-layer perceptron requires careful selection of hidden layer values to ensure an 

appropriate fit for the model. So, the chosen prediction model with the highest accuracy is 

Gradient Boosting with 10-fold cross-validation, featuring the highest R2 value (0.9576), as 

illustrated in Fig. 2(a), when comparing the performance of the five different types of models, 

which can be observed for graphs comparison in Fig. 2(b), Fig. 2(c), Fig. 2(d), and Fig. 2(e). 

Despite not being the fastest in terms of runtime due to its higher precision, this model 

demonstrates superior efficiency. The optimal balance between a high R2 and a runtime that, 

while not the lowest, is reasonable, positions the Gradient Boosting model as the most effective 
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choice, considering both high precision and operational efficiency, for use in predicting H2 and 

CO2 emissions. 

The analysis utilized the Gradient Boosting model, identified as the best-performing, 

and applied SHAP analysis to understand the relationship between input variables and model 

predictions. This exploration aimed to reveal the significance and impact of each input feature 

on the model's predictions. The outcomes depicted in Fig. 3(a) for H2 prediction models offer 

valuable insights for further research on process optimization. From Fig. 3(a), Steam is the most 

influential feature for H2 prediction. Since steam is a gasifying agent in the process that consists 

of a high ratio of Hydrogen, it seems reasonable that the steam feature can be influential to the 

model. The second-rank feature was Hydrogen content, which is indeed the main component 

for a syngas H2 to be produced, followed by Sulphur which may seem to be unexpected. Low 

Sulphur content does not directly increase H2 production. However, it may increase the 

composition of H2, which directly increases H2 production. On the other hand, the high Sulphur 

composition can increase the chance for Sulphur compounds, such as H2S, to be formed and 

reduce syngas production, or even cause catalyst poisoning. Air and temperature can also be 

influential to H2 production since air is also a gasifying agent like steam, and temperature is 

crucial as gasification needs to be operated within a specific range of temperature that affects 

the reaction between biomass and gasifying agent. 

    (a) (b) 

Fig 3. (a) The results of SHAP analysis of H2 prediction model, (b) The results of SHAP 

analysis of CO2 prediction model 

Figure 3(b) suggests that Air as a gasifying agent influences the output of the CO2 

prediction model the most. Not only does it lead to the occurrence of a gasification reaction, but 

also, consists of some portion of CO2, thereby increasing the composition of CO2 directly. This 

is followed by Oxygen as a gasifying agent and composition of Carbon in biomass which can 

promote the formation of CO2 in the process. 

4. Conclusion

Various machine-learning methods, namely, Extra Trees, Gradient Boosting, K-nearest 

neighbors, and Multi-layer perceptron, were studied for predicting syngas H2 and CO2 

production from biomass gasification. For the H2 model, with 10-fold cross-validations, 

Gradient Boosting had the highest R2 (0.9576), followed by Extra Trees (0.9536), K-nearest 
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neighbors (0.9486), and Multilayer perceptron with 1 and 2 hidden layers (R2 = 0.8421 and 

0.8542). Results can be attributed to cross-validated hyperparameter tuning, providing a more 

generalized set. Although accuracy slightly decreased, the model became more reliable for 

unseen data. Our best model shows even better accuracy than the existing literature [8], which 

utilized the ANN model to predict hydrogen generation from biomass and waste gasification 

processes with the R2 of 0.9310. In the case of the CO2 prediction model, the model using 

Gradient Boosting with 10-fold cross-vailachieved an R2 of 0.899. SHAP value analysis 

identified steam as the most influential factor for H2 production, followed by Hydrogen 

composition in the feedstock. For the CO2 model, the air gasifying agent ranked highest, 

followed by the oxygen gasifying agent carbon content in biomass. In summary, the machine 

learning models developed in this research work are highly accurate in predicting H2 and CO2 

production from biomass gasification. These models can be further integrated with multi-

objective optimization to find the optimal operating conditions aiming toward maximizing H2 

and minimizing CO2 yield for biomass gasification processes. 
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Abstract 

Skin, being the largest external organ of humans, is constantly exposed to the external 

environment. Consequently, it is highly susceptible to damage from external factors. Such 

damage affects the skin at the molecular level, causing signs of aging, leading to diseases, and 

resulting in premature skin aging. To combat this phenomenon, researchers have explored the 

potential of hesperidin as an antioxidant agent. Hesperidin is distinguished by its high capacity 

to effectively scavenge reactive oxygen species, its safety for the skin, and its affordability. 

However, hesperidin faces certain challenges that can be overcome with the use of an efficient 

carrier system like Cubosomes. These self-assembled inverted bicontinuous cubic 

nanoparticles, ranging from 100 to 500 nm in size, offer an ideal solution. This study aimed to 

determine the optimal formulation ratio of GMO (Glyceryl Monooleate) and Poloxamer 407 

for loading the maximum amount of hesperidin, thereby maximizing its anti-aging effect on 

the skin. The study revealed that a compromise ratio of 4.5% GMO to 0.5% Poloxamer 407 

achieved the highest encapsulation of hesperidin, with an impressive entrapment efficiency 

rate of 94% and a particle size of 207.4 nm. The formulation also demonstrated the highest 

drug release of 88.98%, along with 30% antioxidant activity. 

Keywords: Cubosomes; Hesperidin; Transdermal Drug Delivery; Skin; Anti-aging 

1. Introduction

Skin is the largest organ and serves as an excellent model for studying aging, as it is

affected by both intrinsic and extrinsic environmental factors. These aging factors stimulate 

the production of reactive oxygen species (ROS), which are at the root of various diseases. 

Therefore, to minimize skin damage, choosing natural antioxidants is considered a safe 

approach to protect the skin from aging conditions. Hesperidin, a natural flavonoid found 

abundantly in the peel of citrus fruits, has the potential to scavenge free radicals and ROS, 

which are associated with cell damage and aging [1-3]. Due to its low cost, wide availability, 

and exceptional safety, hesperidin is considered for use against a variety of diseases, including 

skin cancer, wound healing, anti-inflammatory conditions, UV protection, and anti-microbial 

applications. However, the limited water solubility, poor bioavailability, and environmental 

sensitivity of hesperidin are bottlenecks for its use in transdermal drug delivery systems [3]. 

In recent years, the approaches to drug delivery systems utilizing nanoparticles include 

liposomes, ethosomes, and transethosomes [4]. There are, however, very few works using 

cubosomes.  Cubosomes have emerged as a prominent biocompatible nanocarrier for drug 

delivery. The bicontinuous lipid nanostructure and large surface area of cubosomes allow 

them to load substantial quantities of hydrophilic, hydrophobic, and amphiphilic drugs. 

Additionally, the process to form cubosomes is straightforward; it requires only the mixing of 
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lipid, stabilizer, and hydrotrope with either high or low energy input. Cubosomes offer many 

advantages, including being non-toxic, biocompatible, possessing excellent bioadhesive 

properties, thermodynamic stability, targeted release, and controlled release capabilities. 

Moreover, due to their inner structure's similarity to the stratum corneum, cubosomes facilitate 

the entry of medications through the skin epidermis. Therefore, cubosomes represent a 

promising nanocarrier in this study for delivering hesperidin through the skin. This study aims 

to determine the optimal ratio of lipid and stabilizer to maximize the loading of hesperidin in 

cubosomes, to study the release of hesperidin, and to evaluate the activity of the released 

hesperidin. 

2. Materials and Methods

Glyceryl monooleate (GMO) was received as a gift sample from Kao Industrial (Thailand)

Co., Ltd (Bangkok, Thailand). Hesperidin was purchased from Thermo Fisher Scientific 

(Thailand) Co., Ltd (Bangkok, Thailand). Poloxamer 407 was procured from Sigma-Aldrich 

(St. Louis, MO, USA). All the chemicals and reagents used in this study were of analytical 

grade. 

2.1 Preparation of Cubosomes 

The emulsification method adopted to prepare cubosomes, as reported by Khan et al. [5], 

is briefly described as follows: GMO and Poloxamer 407 are mixed and melted in a water bath 

at 60°C. Forty-five µM of hesperidin is added to this mixture and stirred at 1400-1500 rpm 

until completely dissolved. Preheated distilled water (70°C) is then gradually added while 

stirring. The solution is allowed to equilibrate for a day at room temperature. To disturb the 

system, the solution is stirred at 1400-1500 rpm for 2 hours at room temperature. The 

cubosomes are obtained by homogenizing at 3200 rpm at 60°C for 1 minute. The composition 

of various batches of hesperidin-loaded cubosomes is presented in Table 2.1. 

Table 2.1 Composition of hesperidin-loaded cubosomes 

No GMO (%) Poloxamer 407 (%) Ratio 

1 2.5 0.5 5 : 1 

2 3.5 0.5 7 : 1 

3 4.5 0.5 9 : 1 

4 2.5 1.0 2.5 : 1 

5 3.5 1.0 3.5 : 1 

6 4.5 1.0 4.5 : 1 

7 2.5 1.5 1.7 : 1 

8 3.5 1.5 2.3 : 1 

9 4.5 1.5 3 : 1 
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2.2 Characterization of Cubosomes 

Characterization of cubosomes is assessed via drug entrapment efficiency, particle size 

analysis, polydispersity index, FTIR, and drug release study. 

2.3 Drug entrapment efficiency 

The entrapment efficiency (%EE) of the prepared cubosomal formulation was determined 

using the centrifugation method [6]. Cubosomes were centrifuged at 1,400 rpm for 30 minutes 

at 4°C. The upper phase, obtained as the supernatant containing unentrapped hesperidin, was 

separated and measured by a UV spectrophotometer at 284.5 nm against a phosphate buffer 

(pH 6.4). The amount of hesperidin entrapped in the cubosomes was determined by 

calculating the entrapment efficiency using Equation (1). 

%𝐸𝐸 =  
[Amount of added drug ] – [Amount of un−entrapped drug]

[Amount of added drug]
× 100 (1) 

2.4 Particle size analysis and polydispersity index 

The average particle size and polydispersity index (PDI) were measured using a Malvern 

Zetasizer at 25°C. The sample was placed in a polystyrene cuvette, and the readings were 

taken at an angle of 90 degrees. 

2.5 Characteristics of hesperidin 

The determination of hesperidin in hesperidin-loaded cubosomes was carried out using 

FTIR, focusing on the middle infrared region from 400 to 4000 cm-1. The results were then 

compared to the peaks of pure hesperidin and blank cubosomes. 

2.6 In vitro drug release study 

The release studies of hesperidin-loaded cubosomes were performed by adding 1 mL of 

the cubosomes into 50 mL of phosphate-buffered saline (PBS) at pH 7.4 containing 1% Tween 

80. The buffer solution containing the sample was maintained at 37°C and stirred at 50 rpm

using a magnetic stirrer. One mL of the buffer solution was withdrawn and replaced with an

equal amount of fresh dissolution medium at intervals of 5, 10, 15, 20, 25, 30, 45, 60, 120, and

180 minutes. The hesperidin in the buffer samples could be quantified using UV-vis

spectroscopy at 284.5 nm.

3. Results and Discussion

3.1 Particle size analysis, PDI, and Zeta potential 

Dynamic light scattering was used for the particle size analysis. According to Table 3.1, the 

mean particle size ranged from 200 nm to 227 nm. The results showed that as the percentage 

of GMO and Poloxamer ratio increased from 3.5 to 9, with an increase in the concentration of 

GMO, the particle size also increased. This increase in particle size might be due to the larger 

viscosity of GMO obstructing the emulsification of hesperidin-loaded cubosomes. 

Furthermore, a direct correlation between the effect of Poloxamer 407 on particle size and PDI 

was observed. The particle size decreased with an increase in the concentration (%) of 

Poloxamer 407. This is attributed to the stabilizer's ability, where adding a higher amount of 

Poloxamer 407 resulted in a smaller size of hesperidin-loaded cubosomes since the surface 

tension was reduced during the emulsification process. Nonetheless, the particle size (< 500 
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nm) and PDI (< 1.00) values of all batches of hesperidin-loaded cubosomes were within 

acceptable ranges and can be used for transdermal applications without concern of any 

aggregation.   

The zeta potential is important for confirming stability against aggregation over time. The zeta 

potential results for all batches were displayed in Table 3.1. The data showed that the zeta 

potential of all batches had values lower than -30 mV, which indicates that the particles are 

stable against aggregation. 

Table 3.1 Composition and characteristics of hesperidin-loaded in cubosomes. 

No. 

GMO 

(%) 

Poloxamer 

407 

(%) 

Ratio 
Particle size 

(nm) 

Polydispersity 

Index 

Zeta potential 

(mV) 

EE 

(%) 

1 2.5 0.5 5 : 1 207  ± 7.95 0.27 ± 0.09 -51.03 ± 0.19 91.33 ± 2.32 

2 3.5 0.5 7 : 1 211.1 ± 8.57 0.15 ± 0.15 -53.76 ± 0.34 91.66 ± 0.80 

3 4.5 0.5 9 : 1 227.4 ± 10.78 0.26 ± 0.03 -49.76 ± 0.28 94.03 ± 1.36 

4 2.5 1 2.5 : 1 200.1 ± 7.59 0.52 ± 0.07 -37.20 ± 0.44 90.41 ± 0.98 

5 3.5 1 3.5 : 1 213.8 ± 2.90 0.17 ± 0.19 -39.40 ± 0.12 91.94 ± 1.65 

6 4.5 1 4.5 : 1 229.0 ± 2.40 0.27 ± 0.17 -44.36 ± 0.26 92.62 ± 3.48 

7 2.5 1.5 1.7 : 1 200.6 ± 3.15 0.34 ± 0.21 -33.56 ± 0.28 90.88 ± 0.63 

8 3.5 1.5 2.3 : 1 215.9 ± 7.21 0.34 ± 0.01 -39.56 ± 0.22 91.70 ± 3.21 

9 4.5 1.5 3 : 1 218.2 ± 7.41 0.29 ± 0.26 -38.76± 0.26 92.66 ± 0.72

3.2 Drug Entrapment Efficiency 

The entrapment efficiency of hesperidin-loaded cubosomes was found to be in the range of 

90.41% to 94.03%, as shown in Table 3.1. It was clearly observed that sample no.3 exhibited 

the highest %EE, along with a small particle size and PDI value. Moreover, every batch 

provided an %EE of more than 90%, which is considered a high percentage. It is not necessary 

to achieve an extremely high %EE; in other words, the presence of free drug could also 

enhance the penetration of the drug through the skin [7-8]. In comparison, the hesperidin-

loaded transethosomes formulation, which has a spherical shape, exhibited a vesicle size of 

178.98 nm, a PDI of 0.259, a zeta potential of -31.14 mV, and an entrapment efficiency 

(%EE) of 89.51%. [9] 

3.3 Characteristics of Hesperidin 

The FTIR spectra of pure hesperidin, blank cubosomes, and hesperidin-loaded cubosomes are 

presented in Figure 3.1. The FTIR spectra of pure hesperidin exhibited characteristic bands 

due to the presence of different functional groups; for instance, 3325.64, 2946.70, 1656.55, 
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1452.14, 1023.05 cm-1, which could be attributed to O-H stretching vibration, C-H stretching, 

C=O stretching, C=C stretching, and C-O stretching, respectively. The absorbance band at 

3323.71 cm-1 is due to the hydroxyl group O-H stretching vibration. The band at 1642.09 cm-1 

corresponds to carbonyl C=O stretching. The band at 1459.85 cm-1 is attributed to the 

aromatic C=C stretch, and the aromatic C-O stretch at 1024.98 cm-1. The differing 

characteristic peaks between hesperidin-loaded cubosomes and pure hesperidin are due to the 

chemical interaction between pure hesperidin and the cubosome matrix. Moreover, the 

characteristic band of the hydroxyl group at 3500 – 3700 cm-1 in the blank cubosomes 

confirmed the successful conjugation in hesperidin-loaded cubosomes. 

Figure 3.1 FTIR spectra of pure hesperidin, blank cubosomes, and hesperidin-loaded 

cubosomes. 

3.4 In vitro drug release study 

The study of drug release in vitro using Hesperidin loaded in cubosomes employs Phosphate 

Buffered Saline (PBS) with a pH value of 7.4 as the medium. This pH value is representative 

of the human body's overall pH as well as the pH of skin cells [10]. The study utilizes a 
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proportion acknowledged for having small particles and high efficacy in drug encapsulation. 

The release behavior of Hesperidin encapsulated within cubosomes is demonstrated in Figure 

3.2, over a study duration of 3 hours, with sample collection at times 0, 5, 10, 15, 20, 25, 30, 

45, 60, 120, and 180 minutes. Due to the structure of cubosomes, which includes hydrophobic 

regions (between the two layers' walls) and hydrophilic regions (the outer and inner walls), 

there is no initial drug release from the nano particles within the first 10 minutes because the 

dual-layered walls are relatively difficult to break down. After 15 minutes, the nano particles 

begin to release the drug more rapidly as the double-layered walls break down, allowing the 

large quantity of Hesperidin contained within the innermost part of the nanoparticles to be 

released quickly. Between 30 to 45 minutes, the drug release slows down gradually through 

diffusion, as the amount of Hesperidin begins to deplete, although some of the drug still 

remains adhered within the nanoparticles, allowing for a maximum release of 88.98%. This 

indicates that the cubosomes developed here are effective in slowly releasing Hesperidin from 

PBS with pH 7.4, ensuring that the skin receives a sufficiently concentrated dose of the drug. 

Therefore, the continuous drug delivery system of Hesperidin released is an efficient method 

for skin application, aligning with the study findings of Rajendra Jangde et al. [11].  

Figure 3.2 In vitro drug release profile of hesperidin-loaded cubosomes. 
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3.5 The ability to counteract free radicals 

From the release study, the sample was then determined the DPPH activity. It was found that 

it can inhibit free radicals by 30%. This is due to the oxidants or free radicals in the body, 

known as reactive oxygen species (ROS), which can cause cellular damage. Conversely, ROS 

can also be beneficial to the body, especially playing an important role in the development of 

the response in wound healing. Therefore, it is crucial to maintain an appropriate balance 

between low and high levels of ROS. Having ROS at the lowest possible level can be 

beneficial in protecting tissues from infection and helping to heal wounds better. When ROS 

accumulates at higher levels, it can cause oxidation reactions in cells, leading to cell damage. 

Antioxidants are therefore essential to maintain the balance of ROS without necessarily 

eliminating the most ROS. Antioxidants are becoming popular for targeted use, as they help 

target the upper layers of the skin [12-14]. Therefore, Hesperidin in nanocubosome particles, 

with a 30% ability to inhibit free radicals, is suitable for use on the body's skin to reduce the 

accumulation of ROS.  

Conclusions 

Hesperidin-loaded cubosomes achieved a high drug entrapment efficiency of 94%, and a 

particle size of 207.4 nm at a ratio of 9:1, %GMO:%Poloxamer 407. The PDI of the particles 

was less than 1 in every batch, showing the uniform dispersion of cubosomes in the solution. 

The FTIR results revealed the successful encapsulation and formation of hesperidin-loaded 

cubosomes. Finally, the release profile of hesperidin from the cubosomes displayed a burst 

release of 88.98% and an activity of 30%. 
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Abstract 

The crucial way to protect the environment from bad smells and unsightly views from waste 

bins is collecting full waste bins in time as an efficient waste collection system. This research 

aims at developing a decision-support tool for smart waste collection system using real-time 

bin information from Internet of things (IoTs) and suggesting the shortest route for waste 

collection vehicles at a university. Historical traffic data collected from Google Traffic Maps 

was used to define a rush hour period when the launching of collecting vehicles should be 

avoided. Geographic Information System – GIS and Travelling Salesman Problem were used 

to find the shortest path and a route sequence for different scenarios considering possible 

combination of locations to be collected. The result indicates that there were two rush hour 

periods consisting of around 1-2 hours during the morning work hours and 1-2 hours during the 

evening off-duty hours for the university closing and opening periods. The graduation 

ceremony event took much longer rush hour period covering almost the whole day except 3-4 

PM for the commencement day. The results of the optimal route for collecting scenarios were 

grouped as they shared the same route pattern; however, the collecting sequences were 

different. This research provides useful pieces of information for further development of a 

decision-support tool for smart waste collection system. 

Keywords:  Geographic Information System; Travelling Salesman Problem; Vehicle Routing 

problem; waste collection system. 

1. Introduction

Waste collection is a crucial part in waste management systems. In terms of regional data,

waste collection rate of South Asia and the East Asia and Pacific were 44% and 71%, 

respectively according to the waste generation statistical data in 2016 [1]. Even though the 

expenditure on the waste collection and transportation were very high, the municipal authorities 

have still been facing the challenges to provide sufficient waste management service [2]. The 

integration of Internet of things (IoTs) into the waste collection system will assist in monitoring 

the real-time conditions of smart bins which will foster the effectiveness of the waste 

management systems [3]. 

Ineffective and delayed waste collection system can lead to overflowing waste bins, which 

impact the environment. Improvement of waste collection system is a crucial process to 

minimize the resulting pollution for being clean environment and improve human health [1]. 

Previous researchers studied how to improve waste collection systems with different 
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approaches. The optimized dynamic collection routes were defined considering IoTs and the 

prioritization of bins using mathematical model were solved by different heuristic approaches 

[4, 5]. Ant colony optimization (VNS-ACO) algorithm and Travelling Salesman Problem were 

applied to examine optimal path exclusive of traffic condition [3]. Geographic Information 

System (GIS) approaches was used to designate the route sequence with minimum distance 

including traffic condition in [6] and the most cost-effective waste collection system without 

considering traffic condition was examined in [7, 8].  

To the best of our knowledge, there is no research studying how to define rush hour to avoid 

traffic congestion and suggest the shortest route for waste collection trucks in the case of a 

university. The characteristics of waste collection system in a university is distinct from urban 

community areas, especially in terms of the scale of collection area, collection methods, types 

of waste and waste management system. Moreover, the community areas produce a significant 

amount of waste depending on large population density and complicated road patterns, and 

traffic conditions than the university. Therefore, the university area is an appropriate specific 

area worth an extensive investigation of the traffic pattern and the improvement of IoTs based 

waste collection system model.  

This research, therefore, proposes a smart waste collection system based on the real-time 

data of waste bins level through IoTs by avoiding rush hour during collection periods. In 

addition, the shortest routes for the waste collection vehicles were suggested for various 

collecting scenarios to reduce the operating expenditure of solid waste management systems. 

Here, a university in Bangkok, Thailand, was used as a case study through the realistic 

implementation of geographical information and the practical availability of roads inside the 

university for different cases of the university activities. 

2. Methodology

2.1 Designated process of waste collection system for smart waste bins 

The proposed smart waste collection system for a university was originally designed as 

three main parts: 1) Defining rush hour and truck launching conditions, 2) Identification of the 

waste bins for collection and 3) Generating different collecting scenarios and calculating the 

appropriate shortest paths for each scenario.  

First, the level of waste bins is checked using the data from the IoTs and the information is 

transferred to the decision support system. If the level of waste bin was over 80%, it was defined 

as a full waste bin. After that, the instant time is checked whether it is a rush hour or not in 

order to avoid the traffic congestion which will lead to longer waste collection periods and will 

intensify more traffic congestion to the community. When the time is a normal hour, the truck 

status will be set as “ready for launching” to collect the waste bins. After that, the number of 

collected waste bins and their locations are examined. The shortest route pattern and the route 

sequence are generated according to different collecting scenarios which consider every 

possible combination of locations to be collected. The workflow diagram of the decision 

support system is illustrated in Fig. 1.  

2.2 Defining rush hour for truck launching conditions 

Traffic conditions for the university are quite unique and have specific patterns depending 

on the activities organized within the university. Here, we categorized the university activities 

into normal days and special events which can be observed as an annual routine schedule. 
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Normal days include the university opening and closing periods, while the special events can 

be an annual event like Graduation ceremony or a university fair. To define the rush hour period, 

the historical traffic data were collected from Google maps by using traffic layer. The traffic 

level was defined from 0 to 4 based on the traffic color on the Map, which shows the speed of 

traffic on each road. Google Maps displays real-time traffic conditions and visualizes them by 

using four different colors, i.e., green, orange, red, and darker red, representing no traffic delays, 

medium amount of traffic, traffic delays, and the slower speed of traffic, respectively. Another 

color is grey, meaning that there is insufficient data from passing vehicles. 

The collection of traffic data was performed every hour from 6 am to 6 pm on a daily basis. 

For both university opening and closing periods, the data was continuously collected for four 

weeks, so that there were four samples for each time instant for each day of the week. Therefore, 

the historical traffic patterns for these cases were generated on a weekly basis considering both 

weekdays and weekend. The traffic data for the graduation period was collected during the 2023 

graduation ceremony which was held from 4th to 7th October 2023 as the rehearsal days and 

from 9th to 12th October as the commencement days.  

The traffic value was averaged across the same day of the week and was used as the 

representative of the day, which will be further used to define the lower bound of the traffic 

values for the rush hour period. However, the Graduation ceremony events show distinct traffic 

patterns, typically based on the intensity of the activity, i.e., whether it is the rehearsal day or 

the commencement day. 

To avoid the differences in the distribution of traffic values for each case, the mode for each 

university activity, namely, the university opening and closing periods, and the graduation 

ceremony, was utilized as the representative and multiplied by 1.05, which was assumed as a 

factor to define the lower bound of the traffic level for the rush hour period. This factor was 

exhaustively examined by a trial-and-error method, and the obtained value also corresponds to 

the Pareto rule [9, 10]. 

Fig. 1 The workflow diagram of a decision-support tool for waste collection system 
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2.3 Establishing the possible scenarios of waste collection locations 

Smart waste bins were installed at five different locations on the University campus. The 

possible collection scenarios were generated based on the number of collecting locations, which 

was derived from whether there is any full waste bin in each location or not. These scenarios 

were exhaustively examined using the combination for choosing the r number of objects from 

the total n objects. The equation to calculate the probability for possible combination of full 

locations out of five is displayed in [11]. 

nPr =
𝑛!

𝑟!(𝑛−𝑟)!
(1) 

where, P is the probability of full waste bin’s location, n is the total number of locations, and r 

is the number of locations containing any full waste bin. 

A total of 31 possible collecting scenarios were generated and can be categorized into five 

groups according to the number of collecting points. Group 1 contains scenarios where any one 

out of five locations is visited. Similarly, Group 2 contains scenarios where any two out of five 

locations are visited, and so on. The optimized routes for the waste collection trucks were 

calculated corresponding to these 31 scenarios. However, the trucks did not necessarily collect 

the waste from the bins having the waste level lower than 80%. 

2.4 Calculation of shortest path between each location 

After the collecting locations is defined, the next step is to find the shortest path between 

each location. QGIS Network Analyst was used to find the shortest path from point to point 

providing Dijkstra’s algorithm [12]. Two functional routes with shortest and fastest functions 

can be computed given start point and end point in QGIS [13]. 

To calculate the shortest path for each scenario in QGIS, the waste collecting points (i.e., 

waste bin locations), the starting point (i.e., truck launching location), and the ending points 

(i.e., waste offloading locations) should be specified. Five collecting locations were designated 

as waste bins’ locations and called Location 1, 2, 3, 4, and 5 in this research. Shortest paths 

were computed for each possible pair of six locations including Garbage Dump (GD), which 

was assigned as the starting and the ending points of waste collection truck, and finally the 

distance matrix between each location was created. 

Road network availability is also the most fundamental input in QGIS, which significantly 

affects the results of the shortest path. The road network availability might vary according to 

different activities in the university; for example, some roads are closed during an annual fair 

because food stalls and various shops are opened on the campus. The normal school days and 

the Graduation ceremony shared the same road network pattern; however, the different road 

network has to be created based on the road availability during the annual fair. Consequently, 

in the case of the annual fair, the waste collection points for Location 2 and 4 were temporarily 

moved because the roads next to the original location were closed. Fig. 2 and Fig. 3 illustrate 

the location of waste collection points and the garbage dump for the normal conditions and the 

annual fair, respectively. 

The open-source Geographic Information System software, QGIS, can be used to digitize 

the road networks and compute the shortest path. QGIS was set up with WGS 1984 UTM Zone 

47N projection for Thailand to create the road network of the university. The road information 

for each instance direction and the number of lanes were added according to Google Earth. The 

distance matrix was, therefore, generated for the normal school days and the annual fair 

conditions by using the shortest path calculation from the point-to-point function in QGIS.  
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2.5 Calculation of route sequence by Travelling Salesman Problem 

This research determined the route sequence with the minimum total distance by applying 

Branch and Bound Algorithm to solve Travelling Salesman problem. Travelling Salesman 

Problem means that a person visits each city, i.e., node, exactly once and then returns to the 

initial starting point. The constraints involve that every single node is visited only one time and 

subtours are eliminated [12]. The minimum distance of the total distance travelled is determined 

using the Eq. (2). 

min ∑ ∑ 𝑑𝑖𝑗𝑋𝑖𝑗
𝑛
𝑗≠𝑖,𝑗=1

𝑛
𝑖=1  (2) 

Subject to ∑ 𝑋𝑖𝑗 = 1𝑛
𝑗=1  for ∀𝑖 (3) 

∑ 𝑋𝑖𝑗 = 1𝑛
𝑖=1  for ∀𝑗 (4) 

where, dij is the distance from node i to node j, and Xij is a binary variable where the value is 1 

if there is the selection of the path goes from node i to node j, and 0 if otherwise [12]. 

An effective Branch and Bound minimization process necessitates a good lower bound as a 

fundamental requirement [14]. The trip must travel to all nodes and the lower bound means the 

minimum distance of travel by going to each node. The first node that has the smallest value of 

lower bound branches to its child nodes until the algorithm is terminated. The minimum route 

sequence can then be determined using Branch and Bound Tree Diagram [12]. 

In this research, the shortest route sequence was defined by Traveling salesman problem 

based on Branch and Bound algorithm in MS Excel solver. According to Travelling Salesman 

Problem, the truck will be launched from the garbage dump as a starting point and back to the 

garbage dump. Therefore, the optimum route sequence with minimum distance for each 

scenario was resulted in a circular manner. 

3. RESULTS AND DISCUSSION

3.1 Rush hour for different university activities 

The lower bound of the traffic level to define the rush hour period for different university 

activities were determined as 1.84, 1.79, and 2.1 for the case of the university opening and 

closing periods, and the graduation ceremony, respectively. During the university opening and 

closing periods, it is common to experience traffic congestion at the time upon arrival and 

Fig. 2 Location of waste collection points 

during the normal condition 

Fig. 3 Location of waste collection points 

during the annual fair 
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departure from the university on weekdays. There was no traffic on weekends at the campus. 

During the graduation period, the traffic value was relatively high for most of the working 

hours. The situation of rehearsal days and the final commencement days for all departments in 

the university were also considered. The results show that traffic congestion occurred at almost 

all times of the day during the final graduation days. The rush hours for the university opening 

and closing periods were presented as a weekly basis as shown in Fig. 4 and 5, respectively. 

The rush hours for the graduation ceremony period were presented as the pattern of the rehearsal 

day and the commencement day as shown in Fig. 6. Green color represents the normal hours 

and red color represents the rush hours. 

Fig. 4 Rush hours for the university opening period 

Fig. 5 Rush hours for the university closing period 

Fig. 6 Rush hours for the graduation period 

3.2 Shortest route patterns and sequences for the normal and the annual fair conditions 

If any waste bin location exists along the designated route, the truck will pass through even 

if there are no full waste bins at that location. Therefore, some collection scenarios may share 

the same route patterns so that they can be grouped together. For the normal conditions, all of 

route patterns in the same group have the same route sequence as shown in Table. 1. The typical 

route sequence started from garbage dump (GD) to location 4 (L4), location 1 (L1), location 2 

(L2), location 3 (L3), location 5 (L5) and ended at the starting point. The route sequence of 

scenario-14 which has an individual route pattern is about 24-m shorter than the typical route 

sequence. Route Pattern J and D cover all five locations of waste collection points for the 

normal and the annual fair conditions, respectively as shown in Fig. 7 and Fig. 8. The route 

sequence for the annual fair condition is the same as the normal condition except scenario-4, 

scenario-5, and scenario-15. The route sequence of scenario-15 can shorten the distance 

approximately 469 m than the typical sequence.  

4. CONCLUSION

This research proposes an innovative approach to enhance the smart waste collection system

in the university with the integration of IoTs, traffic conditions and GIS software. The research 

work particularly addresses two research questions: “How does the waste collection vehicle 

avoid the traffic congestion?” and “What are the optimal route pattern and route sequence with 

the minimum distance for different conditions?”. For the first question, rush hour was 

6:00 AM 7:00 AM 8:00 AM 9:00 AM 10:00 AM 11:00 AM 12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM 6:00 PM

Sunday 0.15 0.78 1.44 1.55 1.55 1.51 1.55 1.57 1.43 1.56 1.60 1.60 1.48

Monday 0.17 1.15 1.99 1.82 1.71 1.60 1.73 1.69 1.63 1.67 2.00 2.07 1.71

Tuesday 0.24 1.28 2.09 1.87 1.78 1.64 1.68 1.86 1.69 1.72 1.90 2.24 1.79

Wednesday 0.28 1.32 1.98 1.87 1.63 1.63 1.69 1.71 1.71 1.65 1.90 2.14 1.77

Thursday 0.29 1.20 1.87 1.85 1.69 1.67 1.73 1.62 1.72 1.67 1.80 2.22 1.67

Friday 0.30 1.25 1.76 1.77 1.71 1.71 1.57 1.63 1.64 1.56 1.71 2.00 1.65

Saturday 0.19 0.73 1.33 1.63 1.53 1.47 1.56 1.55 1.41 1.54 1.52 1.49 1.51

6:00 AM 7:00 AM 8:00 AM 9:00 AM 10:00 AM 11:00 AM 12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM 6:00 PM

Sunday 0.03 0.36 0.97 1.33 1.53 1.50 1.47 1.50 1.47 1.36 1.64 1.67 1.36

Monday 0.56 1.25 1.89 1.81 1.64 1.53 1.61 1.67 1.67 1.75 1.67 2.06 1.89

Tuesday 0.33 1.19 1.69 1.94 1.67 1.50 1.58 1.64 1.61 1.56 1.69 1.69 1.78

Wednesday 0.33 1.19 1.69 1.94 1.67 1.50 1.58 1.64 1.61 1.56 1.69 1.69 1.78

Thursday 0.33 1.00 1.75 1.58 1.53 1.56 1.39 1.56 1.58 1.61 1.67 1.81 1.58

Friday 0.39 1.19 1.89 1.72 1.58 1.56 1.78 1.75 1.50 1.47 1.78 2.06 1.53

Saturday 0.31 0.56 1.67 1.39 1.61 1.58 1.58 1.75 1.69 1.42 1.56 1.50 1.33

6:00 AM 7:00 AM 8:00 AM 9:00 AM 10:00 AM 11:00 AM 12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM 6:00 PM

Rehearsal Day 1.57 1.82 2.01 1.65 1.85 1.96 2.15 2.13 2.15 1.96 1.72 1.99 1.89

Commencement Day 1.99 2.58 2.79 3.15 3.03 2.86 2.29 2.00 2.11 1.99 2.00 2.60 2.42
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Fig. 7 Route pattern J for normal condition Fig. 8 Route pattern D for the university fair 

Table. 1 Grouping for similar route pattern in normal condition 

Scenario 

No. 

Minimu

m 

Distanc

e (m) 

Route Pattern 
Scenario 

No. 

Minimum 

Distance 

(m) 

Route Pattern 

Route Pattern A Route Pattern G 

1 
3,227 

GD - L1 – GD 12 
4,931 

GD – L5– L2 - GD 

7 GD – L1 – L 3 – GD 23 GD – L5– L2 – L3 - GD 

Route Pattern B Route Pattern H 

2 
3,400 

GD – L2 – GD 15 

5,440 

GD – L4 - L5– GD 

10 GD – L2 – L3 – GD 21 GD – L4 - L1 – L5- GD 

Route Pattern C 25 GD – L4 – L3 - L5– GD 

4 

3,885 

GD – L4 – GD 29 GD – L4 – L1 – L3 - L5- GD 

8 GD – L4 – L1 – GD Route Pattern I 

13 GD – L4 – L3 – GD 18 
5,313 

GD – L1 – L2 - L5- GD 

19 GD – L4 – L1 – L3 – GD 27 GD – L1 – L2 - L3 – L5– GD 

Route Pattern D Route Pattern J 

6 
3,758 

GD – L1 – L2 – GD 24 

5,971 

GD – L4 – L2 - L5- GD 

16 GD – L1 – L2 - L3 – GD 28 GD – L4 - L1 – L2 - L5- GD 

Route Pattern E 30 GD – L4 – L2 - L3 - L5– GD 

9 
4,781 

GD – L1 - L5– GD 
31 

GD – L4 – L1 – L2 - L3 – L5– 

GD 

20 GD – L1 – L3 – L5- GD Route Pattern for individual scenario 

Route Pattern F Route Pattern K 

11 

4,417 

GD – L4 – L2 – GD 3 2,788 GD – L3 – GD 

17 GD – L4 – L1 – L2 – GD Route Pattern L 

22 GD – L4 – L2 - L3 – GD 5 3,450 GD – L5– GD 

26 
GD – L4 – L1 – L2 - L3 – 

GD 

Route Pattern M 

14 4,319 GD - L5– L3 – GD 

designated to identify the traffic congestion in the university and the truck was planned to 

launch beyond rush hour. Second, the optimal route pattern and route sequence were determined 

by using QGIS and travelling salesman problem. The road conditions based on various campus 

events, bin locations and collection scenarios were considered as variables. The smart waste 
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collection system at a university will become a more efficient and effective system by applying 

the proposed decision support process. 
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 Abstract 

The objective of this research is to create novel composite photocatalyst materials that 

combine a new zinc-based metal-organic framework (Zn-MOF) and Titanium dioxide (TiO2) 

nanoparticles. The first step, a Zn-MOF was synthesized using microwave technique. The 

[Zn(4,4'-bipy)2(Suc)]n, contains a central zinc(II) ion which was coordinated by two molecules 

of 4,4'-bipyridine ligands and two molecules of succinic acid ligands. In the second step, the 

surface of [Zn(4,4'-bipy)2(Suc)]n microcrystals was coated with TiO2 nanorods (P25 and 

anatase TiO2) by co-precipitation method. The chemical structure of a Zn-MOF crystal was 

studied using the Single-crystalline X-ray diffraction technique. Both bulk samples of [Zn(4,4'-

bipy)2(Suc)]n and composited materials were confirmed their crystal structures by powder XRD 

diffraction technique. The powder XRD peaks indicated that the composite materials comprised 

a small amount of TiO2 anatase and TiO2 rutile and the majority phase of Zn-MOF. In addition, 

the location of TiO2 paritcles were characterized by SEM images to confirm that TiO2 

nanoparticles were well deposited on the entire MOF surface. Finally, the as-synthesized 

materials were studied for the photocatalytic performance for methyl orange degradation using 

2.5 mg/L of catalysts. The best results from nanocomposite sample showed that the degradation 

efficiency reached 48.76% within 300 min under UV-C irradiation which higher than solely 

MOF (24.56%). 

Keywords:  Metal-Organic framework; Composite material; Titanium dioxide; Photocatalyst; 

Dye degradation  

1. Introduction

Technology and science developed quickly after the industrial revolution. The textile

industry is one example of how small manufacturing units developed into industries and started 

producing things on a huge scale for export to other nations. The textile industry uses a lot of 

water and chemicals as a precursor and releases a huge amount of dye wastewater, particularly 

during dyeing, which has a significant environmental impact. Wastewater often contains toxic 

organic pollutants that can adversely affect human health and aquatic life upon exposure. 

Therefore, wastewater management is at the heart of environmental protection. Large 

manufacturers utilize several methods to remove organic colors from wastewater, such as 
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chemical coagulation and membrane filtering. However, these treatment methods require a lot 

of money and area to install the treatment systems.   

As a result, photocatalysis appears to be an intriguing treatment method for water 

purification, with the potential to use sunlight as a sustainable and renewable energy source. 

This technology is based on the usage of a semi-conductor that can be activated by light with 

energy greater than its band gap, resulting in the generation of energy-rich electron-hole pairs 

that can participate in redox reactions [3]. TiO2 is commonly employed for photocatalytic 

processes because of its high conductivity, outstanding optical or electronic characteristics, and 

non-toxicity [4].  

 Several investigations have revealed that photocatalytic activity depends on light 

absorption and charge carrier separation. One of the key strategies for addressing charge carrier 

recombination in photocatalysts is the construction of heterostructures through coupling with 

other semiconductors [7]. The creation of heterojunctions between photocatalysts with 

acceptable band edge potentials considerably improves photocatalytic degradation 

performance[3]. Unlike TiO2-based inorganic photocatalysts, MOFs are porous crystalline 

materials formed by coordination bonding between organic ligands and metal clusters as nodes 

[1]. MOFs have received attention as heterogeneous catalysts due to their ultra-high surface 

area, persistent porosity, and customizable functionality or structural diversity [2]. Meanwhile, 

MOFs illustrate their potential applications in photocatalysts. Thus, Chimupala and et al. 

reported a microwave-heating synthesis of a new 3D zinc(II) cationic metal-organic framework 

using the rigid rodlike exo-bidentate ligand 4,4′-bipy and the flexible chainlike glu2– as co-

organic linkers with an encapsulated perchlorate counter anion, {[Zn3(4,4′- 

bipy)4(glu)2](ClO4)2}n for use as photocatalyst. [5]. And then Kaeosamut and et al. present new 

solvent-responsive isostructural two-dimensional cationic metal-organic frameworks (MOFs) 

of Mn(II) and Zn(II) by microwave-heating method [6], were reported as photocatalysts for an 

anionic dye (methyl orange (MO)) degradation and MOFs Zn(II) showed high performance for 

MO degradation at 94.27%.  

This research used novel composite photocatalyst materials for heterojunction photocatalyst 

that combine a Zn-MOF and titanium dioxide nanoparticles to study the photodegradation of 

the methyl orange (MO) dye. 

2. Materials and Methods

2.1. Materials

All of the ligands, zinc salt and titanium dioxide (P25) were purchased from Sigma-

Aldrich and utilized without additional purification including, 4,4′-bipy (C10H8N2, 98%), 

succinic acid (C4H6O4, 99%), P25 (TiO2, 99%) and zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O, 99%) was a source of zinc salt. Methyl orange (C14H14N3SO3Na, 

MO) was purchased from ACI Labscan. Deionized water (DI water) was used to prepare 

all chemical solutions. TiO2 nanorods were synthesized by hydrothermal technique and 

calcination. 

2.2. Physical measurements 

The chemical structure of MOF was confirmed by the Single-crystalline X-ray 

diffraction technique (SC X-ray, Rigaku-Oxford XtalLab Supernova diffractometer). The 

morphologies of P25 and TiO2 nanoparticles on MOF surfaces were studied by a scanning 
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electron microscope (SEM, JSM-IT300) with energy dispersive spectroscopy (EDS). 

Powder X-ray diffraction (PXRD) (2θ = 5-55°) was used to analyze the structure and 

properties of P25 and TiO2 composite materials in Rigaku SmartLab. The BET surface area 

and pore size were determined by a Quantachrome Autosorb analyzer. The concentration 

of the MO dye was determined at 464 nm Lambda max (𝝀max) absorbance using a UV-Vis 

spectrophotometer (Thermo Scientific, Genesys 10S UV-Vis). Thermal stability was 

investigated by Thermoplus EVO2 thermogravimetry (TG) and derivative 

thermogravimetry (DTG) in an air atmosphere. 

2.3. Synthesis of [Zn(4,4'-bipy)2(Suc)]n (MOF) by Microwave-heating Techniques. 

Firstly, a solution of Zn(CH3COO)2·2H2O (0.219 g,1.00 mmol), 4,4′-bipy (0.156 g, 1.00 

mmol), and succinic acid (H2Suc, C4H6O4, 0.118 g, 1.00 mmol) were prepared in deionized 

(DI) water (40.00 mL), The mixed solution was transferred into an open 50 mL glass

reactor, and then heated with an 800 W microwave for 10 min and cooled to room

temperature.

2.4. Synthesis of [Zn(4,4'-bipy)2(Suc)]n composite with TiO2 nanoparticles (P25 and 

anatase TiO2) by microwave-heating and co-precipitating method. 

The composite materials were synthesized by formulating TiO2 nanoparticles (P25 and 

anatase TiO2) on the surface of MOF crystals with the precipitating method. MOF was 

synthesized by microwave-assisted 800W for 10 min. The mixed solution of MOF and TiO2 

nanoparticles powder were stirring for 5 min and cooled to room temperature. P25 and TiO2 

nanoparticles on MOF were named MOF_P25 and MOF_TiO2, respectively.  

2.5. Photodegradation process 

The photocatalytic activity of the sample was determined by the decomposition of 

methyl orange (MO). A 100 mg amount of catalyst ( as-synthesized MOF and composite 

materials) was mixed with 100 mL the dye solution (2.5 ppm). The suspension was 

sonicated in an ultrasonic bath (120 W, 40 kHz) for 1 min and kept in the dark for 30 min 

to obtain an adsorption equilibrium. The mixture was then stirred continuously under UV-

C irradiation (265 nm) with an intensity of 940 mW cm−2 for 5 h. In order to evaluate the

decomposition of methyl orange, 5 mL aliquots were collected at certain intervals and then 

centrifuged at 4000 rpm for 10 min to separate the catalyst before UV−vis measurement of 

supernatants (at λmax = 464 nm). The amount of methyl orange in the solution was calculated 

by considering the ratio (C0 − Ct)/C0, where C0 is the initial concentration of methyl orange 

and Ct is the residual concentration after an UV irradiation time t. 

3. Results and Discussions

3.1. Characterization of [Zn(4,4'-bipy)2(Suc)]n (MOF) structural description

The crystal structure of MOF was determined by Single-crystal X-ray diffraction 

technique. The single-crystal X-ray diffraction analysis reveals the asymmetric unit central 

atom of one Zn(II) was coordinated by two molecules of 4,4'-bipyridine ligands and two 

succinato (Suc2–) ligands that crosslinked the Zn(II) and extended the structure into an 

infinite ladder-like structure, as shown in Fig. 1.   
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Fig. 1   Crystal structure of MOF: (a) the infinite ladder-like structure and (b) the 

supramolecular packing of the coordination network. 

3.2. Characterization of [Zn(4,4'-bipy)2(Suc)]n  composite with TiO2 nanoparticles 

(P25 and anatase TiO2) 

The characterization of the Zn-MOF and composite materials: SEM, EDS, XRD, TGA 

and BET were studied, starting from the morphological was analyzed by the SEM results. 

The average diameter of P25 and anatase TiO2 nanoparticles are 30 and 130 nm, 

respectively. The effect of TiO2 nanoparticles precursor on the Zn-MOF surface was 

studied. The composite materials were found that small P25 spherical nanoparticles 

(MOF_P25) and anatase TiO2 nanorods (MOF_TiO2) are homogeneously immobilized on 

the dispersed MOF rods. It was appeared that P25 was sphere nanoparticles and slightly 

coated on MOF surface (MOF_P25), as seen in Fig. 2(b). From Fig. 2(c), it was found the 

TiO2 nanorods was well distributed onto the Zn-MOF surface (MOF_TiO2).  

Fig. 2 SEM images of the surface of MOF and TiO2 nanoparticles on MOF surface: 

(a) MOF, (b) MOF_P25 and (c) MOF_TiO2.
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After that, the EDS technique was studied to confirm the presence of TiO2 onto the 

surface of Zn-MOF. Small white particles can be observed at the surface from the particle 

surface image. The result showed the small particle composed of Ti and O elemental 

composition, indicating the TiO2 nanoparticles on Zn-MOF surface (MOF_TiO2). The 

results can be verified from the EDS images, as shown in Fig. 3. The weight percent of 

carbon, zinc, titanium, and oxygen is 59.11, 12.16, 10.72 and 18.01 respectively.  

Fig. 3   EDS images of MOF_TiO2

The indexed PXRD pattern (see Fig. 4) demonstrated the high purity of the crystalline 

phase. PXRD analysis was studied to observe the crystal structure of Zn-MOF and 

composite material, which are immobilized at different TiO2 precursors. as shown in Fig. 

4. It was found that the XRD pattern of MOF_TiO2 seems to match well with Zn-MOF

crystalline and TiO2 anatase. Meanwhile, MOF_P25 comprised a small amount of TiO2

anatase and TiO2 rutile and the majority phase of MOF crystal.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used 

to investigate the thermal stability and chemical composition of composite materials, 

particularly for estimating the amount of water crystallization in the MOF. Figure 5 displays 

the TGA and DTA thermograms of Zn-MOF and composite materials observed during flow.

The MOF net weight loss of 80.12%, which happened at 45, 151, 249, 294, 320 and 430 

°C, corresponds to the chemical formula of [Zn(4,4'-bipy)2(Suc)]n. Three endothermic (45, 

151, 249 and 294°C) peaks and one exothermic (320 and 430 °C) peak appeared in the 

DTA. These transformations are due to the removal of both crystalline and coordinated 

waters, acetate, and gaseous products of the combustion of organic moieties. It is known 

that H2O, CO, CO2, and NOx were lost during the TGA experiment, as the 19.88% residue 

is ZnO (confirmed by PXRD, 19.88%). Moreover, P25 and TiO2 net weight on MOF 

surface were determined by TGA result, which calculated from ZnO residue and Zn-MOF 

loss weight. The composite materials showed P25 and TiO2 residue as 12.01 and 12.89 %, 

respectively (see Fig. 5(b)).  
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Fig. 4 PXRD of MOF and composite materials 

Fig. 5   Thermogravimetric analysis (a) TGA and DTA thermograms of MOF and

(b) Percent loss weight and residue

The surface area and pore volume of the MOF and composite materials were determined 

using nitrogen adsorption-desorption isotherms at 77K. According to the results, MOF_P25 

and MOF_TiO2 exhibit a mixture of adsorption isotherms classified as type-II and type IV 

indicating the existence of mesopore structure. The specific surface areas of MOF, 

MOF_P25, and MOF_TiO2 were measured to be 47.40, 34.51, and 59.54 m2/g, respectively. 

Furthermore, the pore volumes for the Zn-MOF, MOF_P25 and MOF_TiO2 were 0.1004, 

0.1002, and 0.1870 cc/g, respectively. As can be observed, MOF_TiO2 has the largest 

surface area and pore volume of micropores. The BJH model calculated the micropore 
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volume of MOF, MOF_P25, and MOF_TiO2, which showed 0.0862, 0.0956, and 0.1499 

cm3/g, respectively. 

3.3.  Degradation of methyl orange (MO) dye wastewater treatment 

Fig. 6   Methyl orange (MO) degradation efficiency 

The photocatalytic activity of the catalysts was determined by the decomposition of 

methyl orange (see Fig.6). Methyl orange (MO) was used as the model anionic pollutant. 

Figure 6 shows that 100 mg of the MOF_P25 and MOF_TiO2 have a degrading efficiency 

of 34.34 and 48.76%, respectively at 300 mins, which is higher than MOF (24.56%). The 

influence of the co-precipitation upon the photocatalytic performance is clearly observed as 

the degradation efficiency increased almost 1.5 times for the well-dispersed catalyst 

(MOF_TiO2) compared to the MOF_P25. This phenomenon is due to the increase of active 

surface area. Moreover, MOF_P25 showed higher degradation efficiency than MOF due to 

the heterojunction structure between MOF and P25 with acceptable band edge potentials 

considerably improving photocatalytic degradation performance. 

The aromatic ring in 4,4′-bipy of the Zn-MOF might absorb UV-C light as a light-

harvesting unit before transferring the energy to the nearby Zn clusters. The Zn clusters 

produced excited electrons (e−) in the conduction band (CB) and holes (h+) in the valence 

band (VB). The reactive species were employed to generate a reactive hydroxyl radical 

(•OH), which quickly reacts with the MO on the catalyst's surface. The MO was 

subsequently broken into smaller molecules, such as CO2 and H2O. Meanwhile, composite 

materials showed higher degradation efficiency than MOF due to higher specific surface 

area, which agreed with the characterization results. Moreover, the structure of composite 

materials includes a heterojunction energy band. The Kubelka-Munk function determined 

the energy band gap of MOF and MOF_TiO2 as shown 2.26 and 2.81 eV, respectively. 

Heterojunction catalysts frequently exhibit higher electrolytic water activity than single 

component catalysts, and charge transfer or complementing redox properties between the 

components in heterojunction catalysts can enhance activity and efficiency in photocatalytic 

process [2]. In this research, composite materials were synthesized to treat wastewater for 

environmental protection. There are proposals to improve the photocatalytic degradation of 

composite materials.   
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4. Conclusion

The new-zinc organic frameworks were synthesized by microwave-heating technique and

used for photocatalyst. The synthesis of TiO2 nanoparticles on zinc organic frameworks 

indicates that small P25 and TiO2 nanoparticles are homogeneously immobilized on the Zn-

MOF surface. MOF_TiO2 had the highest specific surface area and porous volume, which 

corresponded to the highest degradation efficiency (48.76%). While the photocatalytic response 

correlates to the TiO2 morphology. The TiO2 nanorods were thoroughly covered, which 

accelerated photocatalytic degradation. The degradation mechanism via heterojunction band 

energy, involving the role of a charged recombination on enhancing dye degradation efficiency, 

was proposed. 
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Abstract 

Rice straw is one of the biomaterials with potential to reduce the dependency of 

Thailand on fossil fuel. In this paper, rice straw is converted to bioethanol using the 

simultaneous saccharification and fermentation (SSF) process. Different types of 

microorganisms are used in the experiments including Zymomonas mobilis, Saccharomyces 

cerevisiae and Pichia stipitis. The results show that the SSF process can give the highest amount 

of bioethanol using Zymomonas mobilis in combination with Pichia stipitis via the pre-

hydrolysis step at 50oC for 1 hour followed by the SSF process at 30oC for 48 hours. The yield 

of bioethanol is 0.23 g/g reduced sugar. The highest amount of bioethanol that can be produced 

is 1.34 g/L. In addition, the developed SSF process gives higher yield in bioethanol production 

than the current separate hydrolysis and fermentation (SHF) process.     

Keywords:  rice straw; bioethanol; microorganisms; simultaneous saccharification and 

fermentation; separate hydrolysis and fermentation    

1. Introduction

Bioethanol holds significant importance in today's context as a renewable energy source 

derived from agricultural residues. Among the abundant agricultural byproducts, rice straw 

stands out as a viable raw material. In an effort to maximize the benefits of rice production, 

researchers have successfully converted waste rice straw into bioethanol. This bioethanol can 

be blended with gasoline to create a fuel suitable for combustion in engines, commonly referred 

to as gasohol [1]. Bioethanol can be synthesized through biological processes involving the 

fermentation of plants in which starch is converted into sugar. Sugar is then transformed into 

alcohol with the aid of specific enzymes or chemicals to facilitate digestion. The purification 

of alcohol involves distillation and the separation of water. The most cost-effective method 

involves pretreating biomass with alkali which is highly efficient in extracting a significant 

amount of lignin from the biomass. This process facilitates the separation of a substantial 

quantity of cellulose for bioethanol production process. Additionally, this method ensures the 

retention of essential properties [2]. 

Another essential step involves the hydrolysis process where cellulose is transformed 

into sugar for fermentation in the subsequent phase. Although hydrolysis can be achieved 

through various methods, the use of acid poses challenges due to its microbial toxicity. A more 

effective and environmentally friendly approach involves employing the cellulase enzyme 

which facilitates the breakdown of cellulose crystals and results in the production of 

fermentable sugar [3]. The fermentation of bioethanol necessitates precise conditions such as 

pH and fermentation temperature in order to ensure optimal outcomes. Bacteria survival during 

fermentation is critical. There are two primary methods employed for this purpose. The first 

one is separate hydrolysis and fermentation (SHF) in which the cellulose degradation is entirely 
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separated from the fermentation process. Another one is simultaneous saccharification 

fermentation (SSF) in which the cellulose degradation and fermentation are integrated within 

the same system [4]. Apart from investigating the outcomes of different fermentation types, this 

work also studies the impact of various microorganisms on bioethanol production. 

Bioethanol production from rice straw involves crucial choices in processing 

methodologies between separate hydrolysis and fermentation (SHF) and simultaneous 

saccharification and fermentation (SSF). SHF consists of two stages: enzymatic hydrolysis to 

break down biomass into sugars followed by fermentation to produce ethanol. In contrast, SSF 

integrates both saccharification and fermentation to offer higher efficiency and faster 

processing. The decision to employ SSF in this study is motivated by efficient approach to 

bioethanol production from rice straw. 

2. Materials and Methods

2.1 Materials

Rice straw was picked up from the Khlong Yong community, Nakhon Pathom, 

Thailand. Sodium hydroxide, ferrous sulfate, sodium potassium tartrate and glucose was 

purchased from KemAus (Australia). Potassium dichromate was purchased from KC 

(Thailand). Ferrous ammonium sulfate was purchased from QReC (New Zealand). Sulfuric 

acid, 1 ,10-phenanthroline monohydrate, citric acid, sodium citrate, and hydrochloric acid was 

purchased from Labscan (Ireland). Yeast extract and Malt extract was purchased from Himedia 

(India). Zymomonas mobillis, Pichia stipitis and Saccharomyces cerevisiae were purchased 

from the National Science and Technology Development Agency (Thailand). 

2.2 Rice Straw Preparation 

Rice straw was placed and dried in an oven at 60 oC for 24 hours to maintain humidity 

below 10% following the TAPPI (2001) protocol. Subsequently, the dried straw was finely 

ground using a grinder and sifted through a sieve to achieve a size smaller than 0.25 mm. 

Finally, the processed material was analyzed to quantify biomass components such as cellulose, 

hemicellulose and lignin by employing the TAPPI T203 om-88 method for this comprehensive 

analysis. 

2.3 Pretreatment of Rice Straw for Cellulose Extraction 

The pretreatment of rice straw with sodium hydroxide solution was explored to 

determine optimal conditions for cellulose extraction while minimizing lignin content and 

maximizing hemicellulose yield. The prepared rice straw was obtained through crushing and 

size sorting in Step 2.2 of the rice straw preparation process. The rice straw was immersed in a 

2% sodium hydroxide solution at room temperature for 24 hours. Following this pretreatment, 

the rice straw was filtrated to separate the sodium hydroxide solution, and subsequent rinsing 

with tap water and distilled water until achieving a neutral pH value of 7. The treated rice straw 

was then dried at 60 °C. The efficacy of the pretreatment was assessed by analyzing cellulose, 

lignin, and hemicellulose content using the TAPPTI T203 om-88 method. Adjustments in 

pretreatment conditions were made based on the rice straw prepared in Section 2.2, taking into 

consideration various factors. 

2.4 Hydrolysis 

In investigating optimal conditions for cellulose degradation using cellulase enzyme, 

experiments were conducted to determine the most effective temperature and default pH 
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conditions leading to the highest yield of recycled sugar during the decomposition of pre-treated 

biomass. The biomass was treated according to the appropriate conditions outlined in Section 

2.1, based on the initial pH values. The experiment followed the optimal conditions for cellulase 

enzyme activity at a concentration of 15 FPU/g. Initial pH values were set at 4.5, 5, 5.5, and 

6.5, while temperatures varied between 40, 50, and 60 oC for 1 hour. 

2.4.1 pH Impact on Reducing Sugar Production 

To study the impact of pH on reducing sugar production efficiency, 50 mg of pretreated 

biomass sludge was weighed and placed in a test tube. A 0.05 M concentrated citrate buffer 

solution was added with varied pH of 4.5, 5, 5.5, and 6.5. Cellulase enzyme was introduced at 

concentration of 15 FPU/g, and the reaction was conducted in a temperature-controlled bath at 

50 oC. Samples were collected from each tube to analyze the amount of reducing sugar produced 

using the DNS Method. 

2.4.2 Temperature Effects on Reducing Sugar Production 

In investigating the suitable starting temperature for reducing sugar production 

efficiency, 50 mg of pretreated biomass sludge was weighed and placed in a test tube. A 0.05 

M citrate buffer solution was added, adjusting the pH according to the values obtained from 

Section 2.3.1. Cellulase enzyme at concentration of 15 FPU/g was added, and the reaction 

occurred in a temperature-controlled bath with temperature 30, 40, and 50 oC for 1 hour. 

Samples were collected from each tube to analyze the amount of reducing sugar produced using 

the DNS Method. 

2.5 Optimization of Ethanol Fermentation Conditions 

To determine optimal conditions for ethanol fermentation, various acidity levels and 

initial temperature conducive to the highest ethanol yield were investigated using 

preconditioned biomass. This involved enzymatic digestion and exposure to different 

microorganisms. 

2.5.1 Microorganism Growth Study 

Prepare a 15 ml liquid culture medium in a test tube and a 50 ml liquid medium in a 

bottle for sterilization. Once cooled, extract a culture loop from the agar slant and introduce it 

into the test tube. Incubate the culture at 30 °C for 48 hours, measuring the absorbance at 600 

nm, which was recorded as 0.4. Subsequently, transfer 5 mL of the culture into a vial with 

sterilized culture media. Periodically measure the absorbance at 600 nm every 3 hours to 

construct a growth curve. 

2.5.2 Microorganism Effect Study in Biomass Fermentation 

In the experiment aimed at assessing the impacts of various microorganisms on biomass 

fermentation, the solution containing reducing sugar derived from biomass digestion was 

prepared at concentration of 5 grams per liter. Following this, 5 ml of the initial culture was 

introduced into the sterilized liquid medium containing the reducing sugar solution. The 

objective was to identify microorganisms suitable for fermentation. The solution, adjusted to a 

pH of 5 using hydrochloric acid and sodium hydroxide, was transferred into 50 ml bottle, 

sterilized at 121 °C for 15 minutes, and cooled to room temperature. Subsequently, 5 ml of the 

initial culture was transferred into the sterilized liquid medium containing the reducing sugar 

solution as shown in Table 1, incubated at 30 oC, and shaken with a shaker at a speed of 150 

rpm for 48 hours. This process aimed to identify suitable microorganisms for fermentation and 
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analyze the reduced sugar amount using the DNS method. The bioethanol yield was analyzed 

by Gas Chromatography. 

Table 1 Type of microorganisms for fermentation. 

Sample Zymomonas m. (ml) Saccharomyces c. (ml) Pichia s. (ml) Type of medium 

1 5 0 0 Bacteria. 

2 0 5 0 Yeast. 

3 0 0 5 Yeast. 

4 2.5 0 2.5 Yeast. 

5 0 2.5 2.5 Yeast. 

6 5 0 2.5 Yeast. 

Two distinct processes for ethanol production were investigated in this study. The first 

one was separate hydrolysis and fermentation (SHF), a method that fully isolated cellulose 

degradation from the fermentation process. The second one was simultaneous saccharification 

fermentation (SSF) that integrated cellulose degradation and fermentation within a same 

system. The conditions of these processes are outlined in Table 2. 

Table 2 Types of bioreactors for fermentation. 

Sample Type 

of 

Process 

Condition 

1 SHF 
Decomposition process at 50 oC, duration 1 hour, followed by 

fermentation process at 30 oC, duration 48 hours. 

2 SSF 

Primary degradation process at 50 oC, duration 1 hour, followed by 

simultaneous degradation and fermentation processes at 30oC, 

duration 48 hours. 

3 SSF 

Simultaneous degradation and fermentation process at 50 oC, 

duration 1 hour, followed by simultaneous degradation and 

fermentation process at 30 oC , duration 48 hours. 

4 SSF 
Simultaneous degradation and fermentation process at 50 oC, 

duration 49 hours. 

3. Results and Discussion

3.1 Impact of Sodium Hydroxide Pretreatment on the Composition of Rice Straw

To investigate the composition changes in rice straw before and after pretreatment, the 

samples were prepared by sequentially drying, baking, grinding, sizing, and treatment with 2% 

sodium hydroxide solution for 24 hours. Subsequently, the composition analysis was performed 

using the TAPPI T203 om-88 method, which quantifies cellulose, hemicellulose, and lignin 

content by comparing the results with untreated rice straw. The obtained composition of rice 

straw before and after pretreatment is illustrated in Figure 1. Specifically, cellulose content in 

rice straw increased from 64.72% to 76.92%, hemicellulose content decreased from 25.57% to 

18.70%, and lignin content decreased from 9.71% to 4.37% after pretreatment was consistent 

with Department of Alternative Energy Development and Efficiency [6].  
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Figure 1 Composition of rice straw before and after pretreatment. 

3 .2 Investigation of Optimal Conditions for Cellulose Degradation Using Cellulase 

Enzyme 

The main enzyme used to degrade cellulose was cellulase. In cellulose degradation, 

various important factors affect the amount of reduced sugar produced. An optimal enzyme 

concentration of 15 FPU/g was identified for cellulose degradation in rice straw. The enzyme's 

performance under varying pH values and the temperature conditions for cellulose 

decomposition, along with different cellulose degradation processes were subsequently 

investigated as detailed in the following sections. 

3.2.1 pH Impact on Reducing Sugar Production 

To assess the efficacy of cellulose degradation in rice straw, pretreated samples from 

the previous step were combined with cellulase enzyme at a concentration of 15 FPU/g in a 

citrate buffer solution. The pH value was adjusted within the range of 4.5 to 6.5. The reaction 

occurred in a temperature-controlled bath set at 50°C for 1 hour. After that, samples were 

collected and analyzed to determine the amount of reducing sugar produced as shown in Figure 

2. 

Figure 2 Amount of reducing sugar produced from the degradation of cellulose from 

rice straw at different pH conditions. 

The experimental findings revealed that cellulose extracted from rice straw underwent 

degradation by cellulase enzyme, achieving optimal results at a concentration of 15 FPU/g. This 

process occurred at a temperature of 50 °C for 1 hour, with pH variations tested across the range 

of 4.5 to 6.5. Notably, the highest yield of reducing sugar, measuring 8.44 g/L, occurred during 

cellulose degradation at a pH value of 5. Sequentially, cellulose degradation at pH values of 

5.5, 6, and 6.5 resulted in reducing sugar quantities of 8.30, 5.83, and 5.57 g/L, respectively. 
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Cellulose degradation at a pH of 4.5 yielded the lowest reducing sugar production, measuring 

5.22 g/L. The experiment revealed that at elevated pH levels or when enzyme activity was 

significantly low, there was a decrease in both enzyme activity and enzyme stability. This 

reduction might be the result of structural damage to the enzyme. Additionally, there could be 

alterations in the protein charge, rendering it unsuitable for effective interaction with the 

reactant [5].  

3.2.2 Temperature Effects on Reducing Sugar Production 

The pretreated rice straw samples were mixed with cellulase enzyme at concentration 

of 15 FPU/g in citrate buffer solution with a pH value of 5.5. The reaction was carried out in a 

temperature-controlled bath at different temperatures from 40, 50, and 60 OC for 1 hour. After 

that, samples were collected and analyzed to determine the water content. The reduced sugar 

produced is shown in Figure 3 

Figure 3 Amount of reducing sugar produced from cellulose decomposition from rice straw 

at different temperature  

Specifically, cellulose degradation at 50 °C yielded the highest production of reducing 

sugar at 8.44 grams per liter, followed by cellulose degradation at 40 °C which exhibited the 

reducing sugar content at 5.05 grams per liter. Cellulose degradation at 60 °C resulted in the 

least amount of reducing sugar, measured at 4.87 g/l. The investigation into cellulase enzyme 

activity across temperatures ranging from 40 to 60 oC revealed an optimal temperature for 

enhancing enzyme efficiency in sugar production, approximately at 50 oC, resulting in a yield 

of approximately 8.44 g/l. However, the enzyme stability decreased at higher temperature [5]. 

3.3 Study of Suitable Conditions for Ethanol Fermentation 
3.3.1 Growth of Microorganisms 

This research investigated three distinct types of microorganisms designated for 

applications in the fermentation process. These microorganisms were identified as follows: (i) 

Zymomonas m., a species that thrives at temperature of 30°C when utilizing the Zymomonas 

medium formula; (ii) Saccharomyces c., a microorganism demonstrating optimal growth at 

temperature of 30°C with the yeast malt medium formula; and (ii) Pichia s., a microorganism 

exhibiting elevated growth at 30°C using the yeast malt medium formula. The investigation of 

microbial growth patterns in the fermentation process involved transferring a single loop of 

culture into a 125 ml apple-shaped bottle, each pre-prepared with a specific food formula of 50 

ml volume. The outcomes of microbial growth are visually depicted in Figure 4. Analyzing the 

growth dynamics of each microorganism type revealed an initial rapid growth phase. 

Specifically, Pichia s. exhibited growth within the first 9 hours, Zymomonas m. within the initial 
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16 hours, and Saccharomyces cerevisiae within the initial 21 hours. After 30  hours, all three 

microorganism types entered a steady-state growth phase. It was decided to advance the 

fermentation process, selecting a time point beyond 48 hours for further investigation. 

Figure 4 Growth of each type of microorganism 

3.3.2 Effects of Using Different Types of Microorganisms in Biomass Fermentation 

From Fig. 5, the combination of 5 ml of Zymomonas m. with 2.5 ml of Pichia s. yields 

the highest ethanol amount, reaching 1.34 g/L. This is because Zymomonas m. utilized a source 

other than glucose when co-cultured with Pichia stipitis. In contrast, the microorganism 

resulting in the lowest ethanol production is Pichia stipitis in the separate hydrolysis and 

fermentation process with ethanol yield of 1.15 g/L. As compare with Goncalves et al. [7], the 

ethanol yield was 0.23 g/(Lh).    

Figure 5 Concentration of ethanol produced from different processes 
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4. Conclusions

The investigation of bioethanol fermentation from rice straw revealed the significance 

of pretreatment to separate cellulose for hydrolysis which yields reducing sugar. The 

determination of sugar content identified the optimal pH and temperature for hydrolysis at 5.5 

and 50°C, respectively. Subsequently, the reduced sugar obtained from hydrolysis was utilized 

for bioethanol fermentation. The study revealed that the most favorable condition for bioethanol 

production was achieved by employing 5 ml of Zymomonas mobilis with 2.5 ml of Pichia 

stipitis. This combination yielded the highest amount of bioethanol. It was found that the most 

efficient method occurred for the pre-hydrolysis at 50°C for 1 hour, followed by the hydrolysis 

and fermentation together at 30°C for 48 hours. These findings underscore the importance of 

precise conditions and microorganism selection in optimizing the bioethanol production 

process from rice straw that provides valuable insights for future advancements in sustainable 

energy production.     
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Abstract 

Chiral separation is crucial in the pharmaceutical industry due to the increasing demand in 

obtaining enantiopure products. Enantiomers of a species have different biological activities. 

Therefore, the enantiomer with the higher activity or lower toxicity is desired. However, due to 

the identical physical properties between enantiomers, advanced techniques have to be 

employed. One of the techniques, cocrystallization with a chiral coformer, was selected to 

study. The separation process is started by combining a racemic mixture of an active 

pharmaceutical ingredient (API) with a chiral coformer to form cocrystal(s). In the case of an 

enantiopure coformer, the product can be either an enantiospecific or a diastereomeric system 

if the coformer forms cocrystal with one enantiomer of the API or both, respectively. If a 

racemic coformer is used, it is hoped that a conglomerate cocrystal will form which leads to 

simultaneously resolution of both enantiomers of the API. Regarding the different outcomes 

from cocrystallization, we studied the effect of changing the configuration of formerly known 

chiral-chiral cocrystal systems. We found that the system that can be resolved by forming 

enantiospecific or diastereomeric cocrystals when combining an API with an enantiopure 

coformer (RS-API + enantiopure coformer) was not always able to separate the enantiomers of 

the coformer; i.e. RS-coformer + enantiopure API did not result in separation of the enantiomers 

of the coformer. 

Keywords: chiral resolution; cocrystallization; chiral coformer 

1. Introduction

Most active pharmaceutical ingredients (APIs) in drugs are chiral compounds, compounds

that have stereoisomers which cannot be superimposed on their mirror images. [1] A pair of 

molecules that are mirror-image stereoisomers are called enantiomers. Each enantiomer has 

similar physical properties, such as solubility and melting point, but their biological activity 

differs. [2] Therefore, the one having a higher activity or being non-toxic is desired. [3] 

Racemic mixtures, an equimolar mixture of each enantiomer, crystallize into three modes: 

racemic compound, conglomerate, and solid solution. [4] Most chiral compounds are 
crystallized into racemic compounds in which the crystal lattice contains an equimolar amount 

of both enantiomers, while the rest are mostly crystallized as a conglomerate (an equimolar 

mixture of enantiomers). Lastly, solid solutions (crystals with a random arrangement of the two 

enantiomers) are rarely found. [4] 

In achieving a pure enantiomer, resolution from a racemic mixture is preferred rather than 

asymmetric synthesis. [5] Among many processes [6], crystallization-based methods are 
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preferred since they are commonly practical in industrial processes with low cost and high yield. 

Different crystallization approaches have been used depending on the nature of the target 

compound. Preferential crystallization is a technique that can recover enantiopure product but 

it is limited to only cases where the target compound is crystallized as a conglomerate. [7] 

Therefore, to tackle racemic compounds, a more advanced approach is required. This study 

focuses on cocrystal-based separation with a chiral coformer. [8]  

Cocrystals are a type of multicomponent crystal where one unit cell contains two or more 

compounds with a specific stoichiometric ratio between the constituents. [9] The components 

in a cocrystal are connected by non-covalent bonds, which are mainly hydrogen bonds and other 

weak interactions. The main feature of cocrystals is that they can alter the physical properties 

of compounds without changing the chemical molecular moiety of the parent compounds. [10] 

The cocrystal-based separation process is started by combining the racemic compound with 

a chiral coformer to form cocrystal(s) as shown in Fig. 1. The product of cocrystallization 

depends on each chiral coformer and/or the enantiomeric configuration of the chiral coformer. 

In the case of an enantiopure coformer (top row), the product can be either an enantiospecific 

[11] or a diastereomeric [12] system if the coformer forms cocrystal with one enantiomer or

both, respectively. Other than these products, the racemic compound is impossible to resolve;

for example, if a racemic cocrystal is formed, the two enantiomers of the compound still stay

in the same crystal form in which enantiomers cannot be separated. [13] If a racemic coformer

is used (bottom row), the preferred outcome that is able to separate the enantiomers of the API

is where a conglomerate is formed. [14] In the case of conglomerate of enantiospecific cocrystal

formation, enantiomers of both API and coformer can be simultaneously resolved by

preferential crystallization.

Fig. 1 Schematic diagram of common possible outcomes of combining two chiral compounds 

in different enantiomeric configuration combinations. 

In this contribution, we searched through the literature for reported chiral-chiral cocrystals. 

Six cocrystal systems were selected to study as shown in Table 1. They were initially reported 

as enantiospecific or diastereomeric systems by combining a racemic mixture of the first 

compound (denoted as 1) with the second compound (2) being enantiopure. The possibility to 

separate enantiomers by forming cocrystal was investigated by grinding two compounds while 

varying five different enantiomeric configuration combinations between components [15]. 

Even though the products of the combinations for some systems were already reported, 

nonetheless, they were repeated in this study to confirm the results.  
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Table 1.  List of selected formerly known cocrystal systems 

Ref No. System Type of system Cocrystal 
CCDC 

refcode 

 [11,16,17] 
(1) etiracetam

(2) mandelic acid
Enantiospecific system S1:S2 YASGIK 

 [14,16] 
(1) etiracetam

(2) tartaric acid
Enantiospecific system S1:S2 YASGEG 

 [14,18] 
(1) etiracetam

(2) ibuprofen
Enantiospecific system S1:S2 ROQMAN 

 [12,19] 
(1) malic acid

(2) tartaric acid
Diastereomeric system 

S1:S2 WENLOT 

S1:R2 NIVYOG 

 [20,21] 
(1) praziquantel

(2) malic acid
Diastereomeric system 

S1:S2 CUZPEU 

R1:S2 CUZPIY 

 [22] 
(1) baclofen

(2) mandelic acid
Diastereomeric system 

S1:S2 - 

R1:S2 BAWNUM 

2. Materials and Methods

2.1. Reactants 

R-malic acid, S-malic acid, RS-tartaric acid, and S-tartaric acid were purchased from Acros

Organics. RS-praziquantel and RS-malic acid were purchased from Alfa Aesar. RS-

methylsuccinic acid and R-tartaric acid were purchased from Sigma-Aldrich. RS-baclofen, R-

methylsuccinic acid, RS-ibuprofen, RS-mandelic acid, R-mandelic acid, and S-mandelic acid 

were purchased from TCI. S-etiracetam, R-ibuprofen, S-ibuprofen, and S-methylsuccinic acid 

were purchased from Xiamen Top Health Biochem Tech, BLDPharm, CarboSynth, and VWR, 

respectively. RS-etiracetam was racemized from S-etiracetam by adding 10 g of S-etiracetam 

and a catalytic amount (0.05 eq) of sodium methoxide to 10 mL of methanol. The solution was 

kept at reflux under continuous stirring for 24 h and then cooled to room temperature. The 

compound crystallizes spontaneously. After filtration, the compound was washed twice with 

methanol. 95% enantiomeric excess (ee) of S-praziquantel was resolved from RS-praziquantel 

by S-malic acid following a previously reported method [20]. 95%ee R-baclofen was resolved 

from RS-baclofen by S-mandelic acid following a previously reported method [22].  

2.2. Liquid-Assisted Grinding (LAG) 

LAG is a nearly solvent-free synthesis method of cocrystal formation that frequently used 

for screening due to its fast and convenient preparation. Typically, a small amount of solvent 

(0-2 μL solvent/ mg solid powder) is sufficient to add to mixture prior grinding. [23] LAG was 

performed by a RETSCH Mixer Mill (MM400) in a 2mL-plastic tube with 3 stainless steel-

balls. A mixture between the two compounds of each system was prepared in a 1:1 

stoichiometric ratio, as cocrystals are composed of 1:1 stoichiometric ratio between API and 

coformer in all system (Table 1). 150 mg mixture of each system was added along with 10 μL 

of methanol solvent, which is commonly used in LAG (0.067 μL solvent/ mg solid powder) 

before grinding for 1.5 h with a frequency of 30 Hz. The grinding time and frequency are the 

maximum values allowed for the MM400. Each pair of cocrystal components were ground in 
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5 experiments with 5 different combinations. All of the enantiomeric configuration 

combinations between two chiral compounds (1 and 2) are shown in Eq. (1)-(5). R and S refer 

to enantiopure R and S configurations of that compound while RS refers to the racemic 

compound. Equations (1) and (2) are diastereomer pairs, which refer to cocrystal formation 

between enantiopure components of the two compounds. Equations (3)-(5) are tested to explore 

the potential of enantiospecific or diastereomeric cocrystal chiral resolution of either the API 

(3) and the coformer (4), and the potential to find a conglomerate cocrystal (5), as shown in

Fig. 1. The two sides of each equation show the true stereoisomers that have identical stability.

Therefore, grinding only one of the two identical combinations from Eq. (1)-(4) was sufficient.

After grinding, the samples were dried for 24 h and then were characterized by XRPD.

R1+R2 = S1+S2 (1) 

R1+S2 = S1+R2 (2) 

RS1+R2 = RS1+S2 (3) 

R1+RS2 = S1+RS2 (4) 

RS1+RS2 (5) 

2.3. Powder X-Ray Diffraction (XRPD) 

XRPD patterns of the samples were measured on a Bruker D8 Advance powder X-ray 

diffractometer equipped with a Cu-Kα X-ray source (λ = 1.5406 Å) operating at 40 kV and 30 

mA. The data were collected within 2θ values from 6 to 35° at a scan rate of 12°/min. The 

XRPD patterns of the samples were compared to reactants and simulated patterns of reported 

cocrystals from CCDC. If the patterns were different from their reactants and contained an 

enantiospecific or a diastereomeric cocrystal phase, it was defined as a separatable process. 

Otherwise, it was considered as a process with no separation even though a new phase was 

formed (as it could be a racemic cocrystal which is not suitable for the resolution process). 

3. Results and Discussion

XRPD results of LAG samples are shown in Fig. 2; Figures 2a-c represent the results of

chosen enantiospecific systems while Figs. 2d-f show XRPD patterns of diastereomeric 

systems. By repeating the combinations related to only enantiopure components (Eq. (1) and/or 

(2)) from all selected systems to confirm the results, all reported cocrystals were successfully 

formed by grinding, as XRPD patterns of ground samples match the simulated patterns of 

cocrystals from CCDC. In the case of an enantiospecific system, only the combination of Eq. 

(1) forms cocrystal (black lines, Fig. 2). LAG of Eq. (2) gave a mixture of the enantiomers of

the reactants. For a diastereomeric system, cocrystals are formed from both Eq. (1) and (2)

(black and red lines, respectively). Excepting for one of the diastereomers of the baclofen-

mandelic acid system (Fig. 2f), R1+R2 (or S1+S2) sample was compared to the pattern in the

publication [22] instead due to absence of reported structure of S1:S2 cocrystal. The pattern of

that combination matched the literature and suggested the cocrystal formation.

The combinations from Eq. (3) of all systems gave results according to the literature results 

that RS1+R2 resulted in cocrystal formation (green lines, Fig. 2). The enantiopure coformer 

can be used to form a cocrystal by mixing it with racemic API and, hence, can separate the 
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enantiomers of the API. Interestingly, we found that LAG of combinations in Eq. (4) and (5) 

led to different outcomes in each cocrystal system.   

Fig. 2 XRPD patterns of ground samples between two chiral compounds of a) etiracetam (1) 

and mandelic acid (2), b) etiracetam (1) and tartaric acid (2), c) etiracetam (1) and ibuprofen 

(2), d) malic acid (1) and tartaric acid (2), e) praziquantel (1) and malic acid (2), and f) baclofen 

(1) and mandelic acid (2). Enantiomeric configuration of each pair was varied from R1-R2, R1-

S2, RS1-R2, R1-RS2, and RS1-RS2.

The XRPD pattern of LAG in Eq. (4) of the etiracetam-mandelic acid system (blue line, 

Fig. 2a) shows the same patterns of cocrystal formation as in Eq. (1) and (3). As the combination 

R1+RS2 (Eq. (4)) gave cocrystal, therefore, not only enantiopure mandelic acid coformer can 

be utilized to resolve RS-etiracetam but enantiopure etiracetam also can be applied to resolve 

RS-mandelic acid. The etiracetam-mandelic acid system was previously investigated in Eq. (5) 

by mixing racemic compounds. [14] Zhou et al. discovered conglomerate formation when 

combining racemates of both components and proposed the resolution process where two 

racemic compounds were simultaneously resolved by preferential crystallization. [17] We 
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obtained the same result from Eq. (5); the cocrystal was formed, suggesting the conglomerate 

cocrystal formation (purple line, Fig. 2a). 

Etiracetam-tartaric acid and etiracetam-ibuprofen exhibited similar behavior, as only 

mixtures of the reactants were present in XRPD patterns of Eq. (4) (blue lines, Fig. 2b-c). As 

well as Eq. (5), no cocrystal formation was indicated for either system (purple lines, Fig. 2b-c). 

New patterns occur in LAG with both Eq. (4) and (5) in the malic acid-tartaric acid systems 

(blue and purple lines, Fig. 2d). It could imply the new phase formations which were revealed 

by Cruz-Cabeza et al. to be solid solution cocrystals. [19] Solid solution cocrystals cannot be 

employed for chiral separation. Similar to praziquantel-malic acid (Fig. 2e), the new XRPD 

pattern of LAG in Eq. (5) was also shown by Cappuccino et al. to be a solid solution cocrystal. 

[21] LAG of Eq. (4) in the praziquantel-malic acid system resulted in an amorphous phase

which could be due to the instability of the phase formation.

For the baclofen-mandelic acid system, the same phases were obtained from Eq. (4) and 

(5). This phase did not correspond to any diastereomeric cocrystals of baclofen-mandelic acid. 

Therefore, the new phase from grinding R1+RS2 of Eq. (4) could be racemic cocrystal R1:RS2. 

The result from RS1+RS2 of Eq. (5) could be either a conglomerate of R1:RS2 and S1:RS2 or 

a fully racemic cocrystal RS1:RS2 that is isostructural to R1:RS2. A conglomerate of racemic 

cocrystals can be utilized to achieve enantiopure of one compound, while a formation of a fully 

racemic cocrystal is not useful for chiral separation (see Fig. 1). Nevertheless, the results need 

to be confirmed further.  

All the results are summarized in Table 2. If the LAG of the combinations in Eq. (3)-(5) 

resulted in the cocrystal formation of Eq. (1) or/and (2), that combination was defined as 

separatable (denoted with Y). Even though the new phase formations from Eq. (4)-(5) in all of 

diastereomeric systems required further confirmation, the results were described as no 

separation potential due to the complexity. 

Table 2. Summary of the LAG results from XRPD of combining selected two chiral compounds 

in different enantiomeric combinationsa,b 

System 

Eq. (1) 

R1+R2 

S1+S2 

Eq. (2) 

R1+S2 

S1+R2 

Eq. (3) 

RS1+R2 

RS1+S2 

Eq. (4) 

R1+RS2 

S1+RS2 

Eq. (5) 

RS1+RS2 

etiracetam-mandelic acid Y M Y, S Y, S Y, S 

etiracetam-tartaric acid Y M Y, S M M 

etiracetam-ibuprofen Y M Y, S M M 

malic acid-tartaric acid Y Y Y, S Y, N Y, N 

praziquantel-malic acid Y Y Y, S N Y, N 

baclofen-mandelic acid Y Y Y, S Y, N Y, N 

a Y = cocrystal formation; S = separatable process; M = mixture of reactants; N = no separation potential. 

b Green color is applied to combinations in which the enantiospecific/diastereomeric cocrystal phase(s) as Eq. (1) 

or/and (2) is/are obtained, leading to chiral resolution. Yellow color is used for the combination that results in the 

cocrystal formation of a phase other than the first two equations, but usually a racemic cocrystal which is not 

suitable for the separation process. Red color shows combinations where there is no cocrystal formation. 

From all six cases, only the etiracetam-mandelic acid system formed a conglomerate when 

combining two racemic compounds and it is also the one that is possible to resolve either 
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racemic API or racemic coformer by using an enantiopure compound of the other species by 

forming a cocrystal. Whereas in other systems, they formed cocrystals that are only possible to 

resolve enantiopure API when mixing racemic API with enantiopure coformer but show no 

separation potential in other combinations. These are the study cases to demonstrate the 

possibility in finding conglomerate cocrystal formation and highlight the behavior of combining 

two chiral compounds. 

4. Conclusions

We want to highlight the effect of enantiomeric configuration combinations between two

chiral compounds in chiral resolution by cocrystallization. The six selected systems exhibit 

different outcomes in each combination. All the systems can be resolved by forming 

enantiospecific or diastereomeric cocrystals when combining a racemic API with an 

enantiopure coformer (Eq. (3), RS-API + enantiopure coformer). However, five out of six 

systems were not able to separate the enantiomers of the coformer in the opposite way (Eq. (4)). 

RS-coformer + enantiopure API did not result in separation of the enantiomers of the coformer. 

Moreover, only one of the six systems has a conglomerate formation when mixing racemic 

mixtures of both components (Eq. (5)). 
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Abstract 

In response to the significant challenge posed by polyphenol oxidase (PPO)-induced enzymatic 

browning in food products, this study aimed to assess the effectiveness of natural anti-browning 

agents in preserving the quality and visual appeal of Musa acuminata banana peels. 

Specifically, the study focused on the high-antioxidant extract derived from Schinus 

terebinthifolia leaves. The antioxidant properties of the extract were evaluated through DPPH 

and FRAP assays, revealing an impressive 99% inhibition of PPO activity, comparable to 

sodium metabisulphite. Further analysis identified phenolic and flavonoid compounds in the 

extract as crucial contributors to its PPO inhibitory activity. Additionally, the study explored 

the practical application of the Schinus terebinthifolia leave extract in combination with a 

coating agent (Chitosan/Polyvinyl Alcohol) to reduce the browning index of banana peels. 

Results demonstrated a substantial reduction in the browning index, highlighting the extract's 

efficacy in minimizing enzymatic browning. The findings not only offer a natural and 

sustainable alternative to synthetic inhibitors but also underscore the potential of Schinus 

terebinthifolia leave extract in enhancing the shelf life and visual appeal of fruits. This research 

contributes to the advancement of eco-friendly approaches in the food industry, providing 

valuable insights into the application of natural anti-browning agents for improved food 

preservation. 

Keywords: Enzymatic browning; Polyphenol Oxidase Inhibitor; Banana peel; Browning index 

1. Introduction

The degradation of food quality due to the undesirable process of browning, catalyzed by

polyphenol oxidase (PPO), poses a considerable challenge in the preservation and visual appeal 

of various food products. Browning not only affects the sensory attributes of food but also 

signifies the loss of nutritional value. Understanding and mitigating this phenomenon are 

crucial for maintaining the overall quality of food. Polyphenol oxidase, a key enzyme involved 

in the browning process, has been a focal point in research aimed at preserving the visual and 

nutritional qualities of food items. This study delves into the potential of natural anti-browning 

agents as effective inhibitors of PPO-induced browning [1].  

Schinus terebinthifolia Raddi, commonly known as Brazilian Pepper, belongs to the cashew 

family. Thais have a preference for consuming fresh leaves with chili paste. It is not only rich 

in fiber, promoting healthy digestion but it is also very high in antioxidants. These leaves play 

a role in traditional medicine, with various applications such as brewing them into tea to 

alleviate joint pain [2]. However, there has been no report of its ability to inhibit browning.

Specifically, we focus on the high-antioxidant extract derived from Schinus terebinthifolia 

leaves and its impact on Musa acuminata banana peels. The choice of banana peels as the 
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experimental substrate is significant, considering their susceptibility to rapid browning and the 

importance of bananas as a widely consumed fruit. Previous studies have highlighted the 

effectiveness of synthetic anti-browning agents, such as sodium metabisulphite, but the 

exploration of natural alternatives remains a promising avenue. In this context, our research 

aims to contribute to the understanding of the inhibitory effects of the Schinus terebinthifolia 

extract on PPO, comparing its efficacy with established synthetic inhibitors. Furthermore, the 

practical applications of these findings are explored through the combination of the Schinus 

terebinthifolia extract with an edible film coating, presenting a potential solution for preventing 

browning and preserving banana peels in a natural and sustainable manner. 

2. Materials and Methods

2.1. Preparing the Schinus terebinthifolia leave extract 

The leaves of Schinus terebinthifolia were dried in a hot air oven at 60 °C for 24 hours, and 

grinded to a fine powder using a Philips ProBlend 4 grinder. After measuring 10 g of dried leaf 

powder, it was loaded into a Soxhlet extractor thimble and subjected to reflux with 200 mL of 

ethanol for 3 hours. The resulting solution was then cooled, filtered, and concentrated under 

reduced pressure using a rotary evaporator. The extract was either used immediately or stored 

at 4°C for up to two weeks, retaining its efficacy. 

2.2. Antioxidant power 

The extract was tested for antioxidant activity by different mechanisms via DPPH and 

FRAP assay.  

DPPH assay. To evaluate the extract’s ability to scavenge DPPH• and reduce it to hydrazine, a 

modified 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging assay was conducted [3]. In a 96-

well microplate, 200 μL of the extract (200 μg/mL) and 400 μL of ethanolic DPPH solution 

(250 μM) were mixed and incubated in darkness for 30 minutes. Absorbance at 517 nm was 

measured using a Microplate Reader (Thermo: Varioskan Flash), and compared to a control 

(lacking the extract), with %DPPH• scavenging calculated based on three measurements. 

FRAP assay.  Slight modifications were introduced to the Ferric-reducing antioxidant power 

(FRAP) procedure, a method reliant on the conversion of the colorless Fe3+-2,4,6-Tris(2-

pyridyl)-s-triazine complex to the blue-colored Fe2+-tripyridyl triazine complex. This 

conversion occurs in the presence of electron-donating antioxidants at a pH of 3.6 [3]. The 

FRAP reagent was formulated by combining 300 mM acetate buffer with a TPTZ solution (10 

mM TPTZ in 40 mM HCl) and 20 mM FeCl3
.6H2O in a ratio of 10:1:1 (v/v/v). Following this, 

the mixture was incubated at 37 oC for 30 minutes. Subsequently, a thoroughly mixed solution 

of 10 μL of the diluted extract and 300 μL of FRAP reagent was prepared. The reduction of the 

Fe3+TPTZ complex to the Fe2+ form led to the development of an intense blue-colored complex, 

and the absorbance at 593 nm was measured using a Microplate Reader. This entire process 

was performed in triplicate, and the FRAP values were expressed as equivalent mmol of Fe2+/g 

of dried extract. 

2.3. Total Phenolic Content of the extract 

The Total Phenolic Content (TPC) of the extract was assessed using the Folin-Ciocalteu 

reagent method [3]. The extract (1 mL, 1 mg/mL) was mixed with Folin-Ciocalteu reagent (200 
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μL, 10% v/v) and Na2CO3 solution (2 mL, 7.5% w/v) for 3 minutes. After incubation in the 

dark for 90 minutes, absorbance was measured at 765 nm using a UV/Vis Microplate Reader. 

TPC was determined using a gallic acid standard calibration curve, expressed as mg GAE/g of 

dried leaf extract. This procedure was repeated three times, and the mean ± S.D. was 

documented. 

2.4. Total Flavonoid Content of the extract 

The quantitative determination of total flavonoid content (TFC) in the extracts of vegetable 

leaves utilized the aluminum chloride colorimetric method [4]. In this procedure, 0.6 mL of the 

extract solution (1 mg/mL) was thoroughly mixed with 0.6 mL of a 2% (w/v) AlCl3 solution. 

The resulting mixture was allowed to stand for 60 minutes at room temperature. Subsequently, 

the absorbance of the resulting supernatant was measured at 420 nm using a 96-well UV/Vis 

Microplate Reader. The concentration of TFC in the extract was then determined from the 

quercetin standard calibration curve. The outcomes were expressed as quercetin equivalents, 

denoted in milligrams per gram of dried extract (mg QE/g). This analytical procedure was 

replicated three times, and the mean ± standard deviation (S.D.) was documented. 

2.5. PPO inhibition study 

Musa acuminata banana peel served as the primary material for PPO source. The bananas 

were washed, peeled, and subsequently frozen at -40 °C in a Thermo Fisher Scientific-729 

freezer. After freezing, the peels underwent a 72-hour freeze-drying process in a Labconco 

Freezone 6 Plus freeze dryer. The resultant freeze-dried peels were then ground into flour using 

a Philips ProBlend4 blender for 60 seconds. The obtained flour was stored at -20 °C until the 

PPO extraction process. In the extraction process, 1 g of banana peel flour was homogenized 

(Heidolph: SilentCrusher M) at 3500 rpm on ice for 30 seconds with a chilled McIlvaine buffer 

(pH 6.8, 4 °C). The buffer contained 0.2 M disodium phosphate and 0.1 M citric acid, 

maintaining a liquid-to-solid ratio of 30:1. Additionally, it included 0.5 g/g sample of filter aid 

polyvinylpyrrolidone (PVP) and 0.5% (v/v) Triton X-100. Following homogenization, the 

mixtures underwent centrifugation for 20 minutes (4 °C) at 10,000×g (Eppendorf Centrifuge 

5810R). The resulting supernatant, after filtration through Whatman No.1 filter paper, was 

collected and stored at -20 °C for up to two weeks for subsequent enzyme activity determination 

and inhibition assays. 

The spectrophotometric assessment of PPO activity was conducted in this study. Sodium 

metabisulphite acted as the chemical inhibitor, while the extract from Schinus terebinthifolia 

leaves served as a natural inhibitor. PPO activities were assayed with inhibitors at three different 

concentrations (0.5, 1.0, and 4.0 mg/mL) using L-DOPA as the substrate. The reaction mixture, 

comprising 100 μL crude PPO and 100 μL inhibitor, underwent a 30-minute incubation at room 

temperature. To initiate the formation of a pink reaction product, 600 μL of pre-incubated 15 

mM L-DOPA in assay buffer was added, and the mixture was further incubated at 45 °C. PPO 

activity was monitored by measuring the increase in absorbance at 475 nm using a UV-vis 

spectrophotometer (SHIMAD-ZU/UV-1800) every 15 seconds for 4 minutes. The PPO activity 

was quantified by analyzing the linear increase in absorption over the initial 60 seconds. One 

unit of PPO activity was defined as an increase in absorbance by 0.001 per min/mL, expressed 

as U/mL∙min. Percentage inhibition values for each inhibitor were calculated using the initial 

PPO activity without an inhibitor as a reference. The percent inhibition was determined using 

the formula presented in Equation (1): 
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%PPO inhibition =
A – B

A
×100 (1) 

where A represents Initial PPO activity (use deionized water instead of inhibitor), B represents 

PPO activity in the presence of natural inhibitor. All determinations were performed in 

triplicate. 

The study investigated the Michaelis-Menten constant (Km), maximum velocity (Vmax), 

and Km/Vmax values by employing L-DOPA as a substrate in the 1-35 mM range under 

standard conditions, with absorbance monitored at 475 nm. Analysis was conducted using 1/V 

and 1/[S] plots, following the approach described by Lineweaver and Burk (1934) [5]. This 

experiment aimed to assess the influence of inhibitors on polyphenol oxidase activity in banana 

peel. 

2.6. Browning index 

To explore the anti-browning effects, a solution of exogenous Chitosan/Polyvinyl Alcohol 

(CS/PVA) blended with an inhibitor at concentrations of 0.5 mg/mL was applied to banana 

coating agents, aiming to reduce fruit peel browning during shelf life. The coating agents were 

prepared by incorporating the inhibitor into a polymer CS/PVA solution and mixed in a 1,000 

mL solution under magnetic stirring for 4 hours at 27 °C. Bananas (10 hands from the same 

bunch) were chosen for uniformity in size and color at stage 3 [6]. The bananas underwent a 

10-minute immersion in the coating agent under ambient air conditions and were subsequently

stored at room temperature (27 °C ± 1 and RH 38 ± 2) for 14 days. In browning index

measurement, fresh banana peel (1 g) was homogenized in 15 mL of 10% trichloroacetic acid.

The mixture was incubated at 35 °C for 2 hours before being subjected to centrifugation at

11,000×g for 15 minutes at 25 °C. The resulting supernatants were analyzed for absorbance at

420 nm using a spectrophotometer, with findings reported as the absorbance at 420 nm.

2.7. Statistical analysis 

Statistical analysis of all assays and inhibition studies were performed in triplicate and mean 

value and standard deviation were calculated.  

3. Results and Discussion

3.1. Antioxidant properties of Schinus terebinthifolia leave extract 

The antioxidant properties of the Schinus terebinthifolia leave extract were assessed using 

both the DPPH and FRAP assays as shown in Table 1. The DPPH assay demonstrated an 85% 

scavenging activity, highlighting the extract's robust ability to neutralize free radicals. Soxhlet 

extraction with ethanol as the solvent yielded high antioxidant activity in Schinus terebinthifolia 

leave extract, corroborating findings from Russo et al. (2017) and Andrade et al. (2017) [7, 8]. 

The FRAP assay revealed a reducing antioxidant power of 211 mmol of Fe2+/g of dried extract, 

emphasizing the extract's capacity to reduce ferric ions. The results from both the DPPH and 

FRAP assays collectively underscore the remarkable antioxidant potential of the extract. This 

reducing power is crucial for mitigating the oxidative reactions catalyzed by polyphenol 

oxidase, thus inhibiting the enzymatic browning process [9]. 
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Table 1. Antioxidant properties and bioactive composition of Schinus terebinthifolia leave 

extract. 

Extract DPPH FRAP TPC TFC 

(%) (mmol 

Fe2+/g) 

(mgGAE/g) (mgQE/g) 

S. terebinthifolia leaves 84.66 ± 0.61 211.20 ± 9.40 712.19 ± 12.22 45.70 ± 1.12
Results are expressed as means ± standard deviation. 

TPC and TFC of the extract was determined to gain insights into the amount of bioactive 

compounds as shown in Table 1. The results indicated a TPC of 712 mg GAE/g which was 

consistent with Russo et al. (2017). TFC in the extract was revealed a TFC of 46 mg QE/g. The 

leaf extract has a slightly higher flavonoid content than the Schinus terebinthifolius Raddi fruit 

extract, which was previously reported by de Oliveira et al. (2020) [10]. TPC and TFC with 

FRAP and DPPH reflect that these phenolic and flavonoid compounds play a major role in the 

antioxidant activity of vegetable extracts. Phenolic compounds, namely Gallic acid amide, ethyl 

digallate and Syringic acid, were detected in the leave extract of Schinus terebinthifolia, along 

with flavonoid constituents including Myricetin, Myricitrin (Quercetin-3-D-glucoside), 

Reynoutrin (Quercetin 3-O-beta-D-glucopyranoside), and Quercetin. These compounds exhibit 

antioxidative properties [11-13]. 

3.2. PPO inhibition study 

3.2.1. Effect of the extract on the inhibition of PPO 

In the absence of an inhibitor, PPO acts as a catalyst in the oxidation of the substrate (L-

DOPA), leading to the formation of DOPA-quinone. Subsequently, this DOPA-quinone 

compound undergoes polymerization, resulting in the formation of melanin. The presence of 

antioxidants in the extract influences PPO inhibition by engaging in reactions with oxygen, 

thereby impeding the initiation of browning. Furthermore, these antioxidants can interact with 

intermediate products, disrupting the chain reaction and effectively inhibiting melanin 

formation [14]. The PPO inhibitory activity of the extract at different concentrations (0.5, 1.5, 

and 4.0 mg/mL) is expressed as a percentage of inhibition of PPO, as illustrated in Fig. 1, with 

inhibition percentages ranging approximately from 70% to 99%. The extract exhibits 

significant inhibitory activity against PPO, comparable to the effectiveness of sodium 

metabisulphite, a chemical inhibitor, at the same concentration and extraction medium. The 

extract's PPO inhibitory activity shows a concentration-dependent pattern due to the antioxidant 

activity of the extracts. The result was in agreement with Lim et al. (2019) said that increasing 

the concentration of natural inhibitors increases the ability to inhibit PPO [15].  Besides 

antioxidants, certain crucial compounds in the extract may contribute to PPO inhibition. The 

application of heat during the Soxhlet extraction process results in an elevation of flavonoids 

and phenolic content in the extract, enhancing its antioxidant capability and leading to a higher 

inhibition percentage [16]. Phenolic compounds may inhibit PPO activity by interacting with 

the enzyme's active site, acting as chelating agents for Cu2+, essential for PPO activity [17]. 

This inhibition can occur through the formation of bonds, electron donation, cross-linking with 

PPO via hydrogen bonding, or competitive inhibition of tyrosinase by mimicking its substrate 

[18]. 
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Fig. 1 Percent inhibition towards banana peel PPO of the Schinus terebinthifolia leave extract 

and sodium metabisulphite. Vertical represents standard errors of means, n=3. 

3.2.2. Enzyme Kinetics Parameters 

Musa acuminata banana peel PPO activity determined in this study was 1.027 U/min.mL 

for L-DOPA. Km, Vmax, and Km/Vmax values of PPO with L-DOPA and no inhibitor from 

the Lineweaver-Burk plots were shown in Table 2. The values were in the range of those 

reported by Wohlt et al. (2021) [19]. To investigate the inhibitory effects of the examined 

extracts on PPO activities, kinetic studies were conducted using the Lineweaver-Burk method. 

Analysis of the kinetic parameters, it was determined that the inhibition patterns of the 

inhibitors differ. When treated with the extract, the enzyme exhibited mixed noncompetitive 

inhibition, characterized by altered higher Km and lower Vmax values and distinct patterns 

suggested varying modes of interaction between the inhibitors and the PPO enzyme. In contrast 

to Sukhonthara et al. (2012) study, where rice bran extract was employed to inhibit banana 

polyphenol oxidase, our current investigation revealed that the Schinus terebinthifolia extract 

exhibited a superior PPO inhibitory capacity when compared to rice bran extract [20].  

Table 2. Kinetic parameters of the PPO enzyme after the inhibitor inserted. 

Inhibitor Km Vmax Km/Vmax Type 

No Inhibitor 8.76 1.88 4.67 - 

S. terebinthifolia 23.76 1.22 19.45 Mixed noncompetitive 

Sodium Metabisulphite 40.94 1.70 24.04 Competitive 

3.3. Browning index 

From the study of the antioxidant properties and PPO inhibitory effect of the extract, in 

order to prolong the browning life of bananas, the extract and sodium metabisulphite in the 

examined concentration 0.5 mg/mL were assessed for application by applying a load-in coating 

agent (CS/PVA). Figure 3 shows browning index recorded with the absorbance at 420 nm. The 

extract and sodium metabisulphite effectively reduced the browning index of bananas, whereas 

the browning index of untreated bananas was constantly increasing. Coating bananas with a 

polymer solution proves effective in reducing browning by minimizing oxygen exposure. 

However, when combined with either the extract or sodium metabisulphite, the results are 
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further enhanced, providing even better outcomes. Enzymatic browning can decrease as a result 

of PPO inhibition. 

Fig. 3 Browning index in untreated and treated bananas over the storage period of 14 days. 

Vertical represents standard errors of means, n=3. 

4. Conclusions

In conclusion, the Schinus terebinthifolia leave extract exhibited remarkable antioxidant 

properties, as evidenced by its significant scavenging activity in the DPPH assay and substantial 

reducing antioxidant power in the FRAP assay. These findings position the extract as a potent 

natural antioxidant with the potential to counteract oxidative stress and enzymatic browning in 

food products. TPC and TFC of further underscore the extract's rich composition of bioactive 

compounds. Additionally, the extract demonstrated significant inhibitory activity against the 

PPO enzyme with %PPO inhibition which was as high as sodium metabisulphite in a mixed 

noncompetitive way. Overall, these findings suggest the Schinus terebinthifolia leave extract 

as a promising natural source of antioxidants and PPO inhibitors, highlighting its potential 

applications in the food industry for enhancing shelf life and preserving the visual appeal of 

perishable fruit products. 
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Abstract 

The deoxygenation of Refined Palm oil to bio-hydrogenated diesel (BHD) via hydrotreating 

process over the ZSM-5 zeolite supported catalysts prepared monometallic and bimetallic 

catalyst by the wet-impregnation method was conducted into high-pressure autoclave reactor 

(fixed bed reactor system) under a hydrogen pressure of 30 bar, the reaction time of 3 hours 

and operating temperature is 360 C. These studies were divided into 2 parts. Firstly, the 

effect of monometallic and bimetallic catalysts (Ni, NiCu, NiMo). Secondly, the comparison 

of SiO2/Al2O3 molar ratios in ZSM-5 Zeolite (molar ratio of 23 and 40), respectively. The 

catalyst was investigated by X-ray diffraction (XRD), Scanning electron microscope and 

energy dispersion X-ray (SEM-EDX) converting of refining palm oil occurred mainly via 

decarboxylation/decarbonylation pathways accompanied by cracking reaction to lighter 

hydrocarbon. Overall, this work showcases a promising route to produce biofuels using 

metallic-doped ZSM-5 catalysts. The 12.5Ni2.5Cu on the ZSM-5 with SiO2/Al2O3 molar 

ratios of 40 catalysts provided the highest conversion, jet fuel yield, and diesel yield of 

96.85%, 42.33 %, and 30.15 %, respectively. 

Keywords: Monometallic; Bimetallic; ZSM-5; Hydro process; Bio-hydrogenated diesel. 

Introduction 

Fossil fuel consumption has been consistently increasing, with 33 quadrillion British 

thermal units (Btu) used in May 2022 and 76 quadrillion Btu used in 2021. [1] By 2050, it is 

predicted that global fossil fuel use will surpass 800 quadrillion Btu, with the industrial sector 

accounting for 50.9% of that total and transportation accounting for the remaining 27.9%. 

This increased use of fossil fuels not only harms the environment but also depletes petroleum 

storage. [2] There is an increasing demand for renewable energy sources to address the issues 

linked with fossil fuels. This is especially important for the transport sector, which accounts 

for approximately 40% of energy consumption.[3] The development of renewable alternative 
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fuels like bioethanol, biodiesel, bio-jet, and bio-hydrogenated diesel or green diesel is enabled 

by eco-friendly processes and sustainable resources.[4] 

Bio-hydrogenated diesel can be produced through several reactions, including 

hydrodeoxygenation (HDO), decarboxylation (DCO2), and decarbonylation (DCO). 

Hydrodeoxygenation removes oxygen by introducing hydrogen, which results in the 

production of water and hydrocarbons with the same number of carbon atoms as the original 

feedstock. On the other hand, in the decarboxylation pathway, the discharge of CO2 releases 

oxygen, resulting in hydrocarbons with one less carbon atom. Meanwhile, decarbonylation 

removes oxygen from fatty acids and produces CO in the presence of hydrogen. The extent to 

which these three pathways are involved is greatly influenced by the catalyst, pressure, and 

temperature, which ultimately leads to excellent fuel properties. In this research study, a dual 

metal catalyst made up of Copper (Cu) and Molybdenum (Mo) has been developed and 

supported by ZSM-5 zeolite. The catalyst has been designed for potential use in catalyst-

cracking processes, and to investigate the product yield of bio jet (C8-C14) and diesel range 

(C15-C20) production synthesis. 

Materials and Methods 

2.1 Catalyst Preparation 

The ZSM-5 zeolite supported catalysts are calcined at 500°C for 5 hours at a heating 

rate of 5°C/min to remove impurities and change the phase of NH4+ to H+ before loading 

monometallic of  15Ni wt.%, bimetallic 12.5Ni2.5Cu wt.%, and 12.5Ni2.5Mo wt.% catalyst 

solution that dissolved the Nickel (II) nitrate hexahydrate (QReC, 97%), Copper (II) nitrate 

hexahydrate (Dae Jung, 99%), and Ammonium molybdate (Univar, 83%) with deionized 

water on zeolite support powder, which is prepared by a sequential wetness impregnation. 

The mixture was progressively dried in an oven at 110°C to eliminate surplus water 

for 12 hours. Then calcined at 550°C for 5 hours at a heating rate of 10°C/min to assess 

performance in the deoxygenation reaction.  

2.2 Catalyst Characterization 

The measurement of the morphology and elemental composition of the catalysts were 

analyzed using a scanning electron microscope equipped with the Hitachi model S3400N and 

energy dispersion X-ray spectroscopy model Apollo (SEM-EDX). To analyze the X-ray 

diffraction (XRD) patterns, the Bruker D8 Advance was used, which was equipped with Cu-

Kα radiation, operated at 30 kV and 10 mA in 2θ range of 5–80◦ step time of 0.5 s. 

2.3 Catalyst hydroprocessing 

The catalysts were pre-reduced for 3 hours at a temperature of 500°C, with a flow rate 

of 30 ml/min of hydrogen, before running the high-pressure batch reactor shown in Figure 1. 

The deoxygenation process was performed in a 100 ml batch reactor with an internal diameter 

of 40 mm and a mechanical stirrer. The reactor was designed to operate at 600°C and 100 bar 

pressure. For this research, refined palm oil was used as a bio-based feedstock, with fatty acid 

compositions (wt.%) obtained from the transesterification of triglycerides with an excess 

amount of methanol to fatty acid methyl esters (FAMEs) using a base catalyst, as summarized 

in Table 1. Initially, the pressure of hydrogen gas was 30 bar. The reaction was carried out at 

360ºC for 3 hours while stirring at 400 rpm. Finally, the liquid products were collected 

and analyzed. 

Table 1. Fatty acid compositions of refined palm olein as a feedstock 
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Fig. 1 Schematic diagram of a high-pressure autoclaved batch reactor.[8] 

2.4 Liquid Product Analysis 

The water phase has been eliminated by separating the liquid product. After diluting 

the oil phase with hexane, gas chromatography was used to evaluate it using a flame 

ionization detector (GC-FID, GC Shimadzu 2014). The content of n-alkanes (n-C8 to n-C20) 

in the liquid products was ascertained using a calibration curve of standards. 

To accomplish this, 0.001 cm3 of the sample was injected into a Gas Chromatography (GC) 

with a split ratio of 100 after 50 mg of the sample had been combined with 1 cm3 of hexane 

without chemical derivatization, triglycerides could be directly analyzed using high injection 

and column temperatures. The temperatures of the injection and detector were adjusted to 

340 and 370 ºC, respectively. The mole balance of the liquid products was used to determine 

the conversion and total liquid yields, jet yield, and diesel yield were calculated using the 

following equations (1), equations (2), equations (3), and equations (4) respectively. 

Fatty acid     Formula Composition(%wt.) 

Lauric acid       C12H24O2 0.4 

Myristic acid       C14H28O2 0.8 

Palmitic acid       C16H32O2 37.4 

Palmitoleic acid      C16H30O2 0.2 

Stearic acid       C18H36O2 3.6 

Oleic acid       C18H34O2 45.8 

Linolenic acid       C18H32O2 11.1 

Linolemic acid       C18H30O2 0.3 

Arachidic acid       C20H40O2 0.3 

Eicosenoic acid      C20H38O2 0.1 
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓  𝑇𝐺 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓  𝑇𝐺 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
𝑥 100  (1) 

𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑞𝑢𝑖𝑑 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

 𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
𝒙 100                (2)         

𝐽𝑒𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶8 𝑡𝑜 𝐶14 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

 𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
𝒙 100       (3) 

𝐷𝑖𝑒𝑠𝑒𝑙 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶15 𝑡𝑜 𝐶18 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

 𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
𝒙 100       (4) 

Results and Discussion 

3.1 Catalyst characterizations 

The study aimed to examine the textural properties of the calcined ZSM-5 zeolite 

support material that has mesopore structures, using N2 sorption. As per Table 2, the ZSM-5 

zeolite support has a higher BET surface area and total pore volume than ZSM-5 zeolite with 

a SiO2/Al2O3 molar ratio of 30. Mesoporous structure helps the entry of triglycerides into 

active sites situated within the interior pore, as per the literature. The BET surface area and 

total pore volume of the bimetallic NiCu and NiMo catalysts were lower than those of the 

monometallic Ni catalysts due to the increase in total metal loading.[13] Nonetheless, 

12.5Ni2.5Cu/ZSM-5 (Si/Al=40) had the highest BET surface area compared to the other 

bimetallic catalysts. When the metal species were loaded into the ZSM-5 Zeolite support, the 

amount of small and large pores decreased. This was due to the blockage of pores by metal 

species and/or the collapse of pores by water during the impregnation step.[14] 

Table 2. The physical properties of the different catalysts. 

Catalyst 

SBET
a 

(m2/g) 

Vp
b 

(cm3/g) 

Dp 
c

(Å) 

15Ni/ZSM-5 (Si/Al=23) 217.170 0.157 28.934 

15Ni/ZSM-5 (Si/Al=40) 232.356 0.124 21.298 

12.5Ni2.5Cu/ZSM-5 (Si/Al=23)  167.354 0.138 32.693 

12.5Ni2.5Cu/ZSM-5(Si/Al=40)  180.243 0.110 24.374 

12.5Ni2.5Mo/ZSM-5(Si/Al=23)  169.672 0.135 31.887 

12.5Ni2.5Mo/ZSM-5(Si/Al=40) 176.217  0.105 23.977 

 a SBET determined from the adsorption branch of the N2 isotherm. 
 bVp total pore volume determined from the N2 adsorption at a relative pressure of 0.99 
cDp means pore diameter determined from N2 adsorption. 
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The X-ray diffraction (XRD) analysis of the catalysts revealed their phase identity and

crystallinity. Figure 2 shows the diffraction peaks at 2θ = 7.9°, 8.8°, 9.0°, 23.0°, 23.3°, 23.7°,

23.9°, and 24.3°, which are typical of the MFI structure of HZSM-5 zeolite. [5, 6] The X-ray 

diffraction (XRD) analysis showed that the peaks of typical nickel oxides (NiO and Ni2O3) 

were identified at 37.2°, 43.3°, and 62.9°. [9] The X-ray diffraction (XRD) pattern revealed 

that the nanoparticles of Ni, Cu, and Mo embedded in the zeolite support exhibited weak 

peaks, indicating that these metal particles were dispersed in the nano-size range, with the 

presence of a small broad peak at 27° specifically attributed to MoO3,[10] suggesting a shift 

in the NiO-CuO particle size towards a smaller dimension. 

Fig. 2 X-ray diffraction (XRD) pattern of Ni/ZSM-5, NiCu/ZSM-5, and NiMo/ZSM-5 

The surface morphology of the ZSM-5 zeolite catalyst was studied using a scanning 

electron microscope, as shown in Figure 2(a-f). a) 15Ni/ZSM-5 (Si/Al =23), b) 15Ni/ZSM-5 

(Si/Al =40), c) 12.5Ni2.5Cu (Si/Al = 23), d) 12.5Ni2.5Cu (Si/Al = 40), e) 12.5Ni2.5Mo 

(Si/Al = 23),f) 12.5Ni2.5Mo (Si/Al = 23) The catalyst has a similar morphological shape to a 

hexagonal crystal. The catalyst was prepared using the sequential wetness impregnation 

method and doped with monometallic (Ni) and bimetallic (NiCu and NiMo) on a zeolite 

support. The metal in each catalyst was well dispersed on ZSM-5, which confirmed that there

was no aggregation of metal in any of the catalysts. The presence of Ni, NiCu, and NiMo on 

ZSM-5 was confirmed by energy dispersive X-ray spectroscopy (EDX). 
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Fig. 3 Scanning electron microscope and energy dispersion X-ray spectroscopy 

 (SEM-EDX) of catalyst: a) 15Ni/ZSM-5 (Si/Al =23), b) 15Ni/ZSM-5 (Si/Al =40), 

c) 12.5Ni2.5Cu (Si/Al = 23), d) 12.5Ni2.5Cu (Si/Al = 40), e) 12.5Ni2.5Mo (Si/Al = 23),

f) 12.5Ni2.5Mo (Si/Al = 23)

3.2 Catalytic hydroprocessing 

A recent study investigated the effectiveness of monometallic and bimetallic catalysts 

(Ni, NiCu, NiMo) loaded on ZSM-5 zeolite support. The study found that the 12.5Ni2.5Cu 

catalyst was the most efficient in terms of conversion and product yield, followed by 

12.5Ni2.5Mo and 15Ni (as shown in Figure 4). The presence of Ni improved efficiency by 

promoting the cracking of Ni-H2 bond activity. The addition of 2.5wt.%Cu on ZSM-5 also 

improved the activity of Ni due to H2 spillover. However, the addition of 2.5wt.% Mo 

replaced Cu, which resulted in a slight decrease in conversion and product yield due to the 

reduction in Mo activity. This is because Mo isn't a good working catalyst and blocks active 

sites. The 12.5Ni2.5Cu/ZSM-5 catalyst provided the highest conversion, jet fuel yield, and 

diesel yield of 96.85%, 42.33 %, and 30.15 %, Meanwhile, 12.5Ni2.5Mo/ZSM-5 had lower 

conversion, jet fuel yield, and diesel yield of 90.17%, 33.99%, and 40.51%, respectively. It 

was noted that hydrogen molecules could more easily absorb Ni surfaces than Cu surfaces 

because Cu had higher binding energies of hydrogen bonds than Ni. The spillover of 

hydrogen from Ni to Cu was energetically unpreferred due to the large difference in the 

binding energies of hydrogen bound to Ni and Cu [7]. The study showed that monometallic 

and bimetallic catalysts loaded on ZSM-5 zeolite support show better efficiency with 

SiO2/Al2O3 molar ratios of 40 compared to 30. 

a b 

c 

d 

e 

f 
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Fig. 4 shows the comparison in terms of product yields in jet and diesel range hydrocarbons 

obtained from triglyceride conversion over monometallic and bimetallic catalysts 

(Ni, NiCu, NiMo) loaded on ZSM-5 zeolite support of different molar ratios (23 and 40). 

Table 3. The physical properties of the different catalysts. 

Feedstock Catalyst Reactor Condition Performance Ref. 

Palm oil 
Ni-Mo-W/γAl2O3-

ZSM5 (pre-sulfided) 

Fixed-bed 

reactor 

 360ºC, 50bar of H2, 1 h-1 

of LSHV, 1000 of H2/oil 

nC8-nC14 = 6% 

nC15-nC18 = 82.9 % 

iC15-iC18 = 6 %  [15] 

Palm oil 
 Ni-Mo/ γAl2O3 

(pre-sulfide) 

Fixed-bed 

reactor 

 360ºC, 60bar of H2, 1 h-1 

of WHSV, 1000 of H2/oil 

nC8-nC18 = 88.9 % 

iC8-iC18 = 10 %  [16] 

 Soybean oil Ni/SiO2- Al2O3 
Trickle-bed 

reactor 
400ºC, 60bar of H2, 1h. nC15-nC18 = 91.0 % 

NiMo/ γAl2O3 nC15-nC18 = 39.3 %  

CoMo/ γAl2O3 nC15-nC18 = 67.1 % [17] 

 FAME Ni/ZSM-5 
Trickle-bed 

reactor 

 280ºC, 8bar of H2, 4 h-1 

of LSHV 

≤ nC7        = 6.8 % 

nC8-nC14 = 27.7% 

nC15-nC18 =40.6 % 
[18] 

 PFAD 10Ni5Cu/HZSM-5 
Fixed-bed 

reactor 
375ºC, 50bar of H2, 3h. 

 ≤ nC7        = 8.75 % 

nC8-nC14  = 26.24% 

nC15-nC18 =23.38 %   [19] 

Therefore, the various literature studies using different catalysts and experimental 

conditions for the hydro-conversion of vegetable oil into renewable diesel fuel production 

compared to this study were demonstrated in Table 3. Metal sulfide catalysts are efficient in 

improving catalytic activity. However, the formation of sulfur-containing byproducts during 

the reaction process can lead to the release of toxic sulfur agents. [20] Therefore, there is a 
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growing interest in the use of sulfur-free metal catalysts, such as metal oxides, which have 

shown a high yield of biojet fuel and green diesel-like metal sulfide catalysts. Metal oxides 

are preferred due to their lower cost when compared to noble metals and their excellent 

catalytic activity in biofuel production. [21] 

Conclusions 

In this study, we prepared monometallic and bimetallic catalysts through sequential 

wetness impregnation. We analyzed the physicochemical properties of the catalysts using 

XRD and SEM-EDX. We tested different loadings of monometallic and bimetallic catalysts 

in a batch reactor to identify the best catalyst. Our results showed that using ZSM-5 with 

SiO2/Al2O3 molar ratios of 40, at an operating temperature of 360°C, initial H2 pressure of 30 

bar, and reaction time of 3 hours, yields better results than SiO2/Al2O3 molar ratios of 30. The 

conversion, jet fuel yield, and diesel yield of metallic-doped were 12.5Ni2.5Cu > 

12.5Ni2.5Mo > 15Ni, respectively.  
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Abstract 

This study investigates the development of polycaprolactone (PCL) properties, focusing 

on UV protection and antibacterial activity, through the incorporation of lignin extracted from 

biomass. Lignin, a natural biological polymer renowned for its exceptional UV and antibacterial 

properties, holds promise as a suitable additive for PCL, particularly in biomedical applications. 

The lignin used in this study was extracted into ethanol organosolv lignin (EOL) Different ratios 

of PCL and lignin were 10:0, 9:1, 8:2, 7:3, and 6:4 were introduced and processed through 

electrospinning under optimal conditions. The fiber size in PCL/lignin films decreased 

proportionally with an increasing lignin ratio, ranging from 170 to 250 nm, indicating a finer 

fiber structure. Concurrently, enhanced fiber distribution was observed with escalating lignin 

ratios. Despite the absence of antibacterial efficacy against Gram-negative bacteria, further 

evaluation for resistance to Gram-positive bacteria is recommended. UV and visible light 

transmittance tests revealed a reduction as the lignin ratio increased, particularly in the UVB 

and visible light wavelength ranges. Mechanical properties demonstrated favorable 

compatibility between PCL and lignin when the lignin ratio remained below 20%. This research 

contributes valuable insights into the potential applications of lignin as an effective additive for 

enhancing PCL properties, specifically in the realms of UV protection and antibacterial activity. 

Keywords:  Lignin, Composite, Functional additive, Organosolv lignin, Polycaprolactone, 

Electrospinning 

1. Introduction

Most of the agricultural industrial waste products that are discarded are lignocellulosic

biomass. Although plant biomass is commonly utilized for energy production, substantial 

quantities of these potent by-products remain unused, contributing to waste generation. Lignin 

is one of the least exploited main components of lignocellulose. It is a natural amorphous highly 

branched polyphenolic heteropolymer with high molecular weight [1,2]. It has inherent 

properties, including antibacterial and UV protection [3], along with its reported compatibility 

with various synthetic polymers. [4,5,6] 

Polycaprolactone (PCL) is a semi-crystalline hydrophobic biodegradable polyester that is 

commonly utilized in biomedical and healthcare applications [7,8,9] It is strong, lightweight, 

and non-toxic. Given these characteristics, the incorporation of lignin into PCL using the 

electrospinning technique is an inexpensive method of manufacturing. Furthermore, the 
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workpiece is a thin film, making it easy to test the properties. This research has focused on the 

addition of lignin to different polymers because it can improve their ability to absorb UV light 

and their antibacterial activity. 

2. Material and Method

2.1. Material Preparation 

Polycaprolactone (PCL) pellet (Mn: 80,000, Sigma Aldrich Co., USA) and Ethanol 

Organosolv Lignin (EOL) powder (Mw: 2800) were dissolved in Dichloromethane (99.8%, 

RCI Labscan, Thailand) and Acetone (>=99.8% Mw: 58.08, Fisher Chemical, Finland) in a 2:1 

ratio to prepare a 10% w/v solution. The composite samples were prepared samples with PCL 

to lignin ratios of 10:0, 9:1, 8:2, 7:3, and 6:4, respectively. The mixture was stirred at room 

temperature for 1 hour. Ten-milliliter solution was loaded into a 20 mL syringe fitted with a 

20-ga needle tip and connected to an automatic pump with a flow rate of 1.8 ml/hr. The working

distance from the power supply was 10 cm with a voltage of 15 kV.  Each sample took 1 hour

to spin at room temperature.

2.2. Surface Morphology and Fiber Diameter 

A Field Emission Scanning Electron Microscope (FE-SEM) model SU5000 was used to 

examine the surface morphology of the PCL/lignin films at a magnification of 1000x. Prior to 

examination, the samples were gold-coated to increase electron conductivity. The average 

diameter and uniformity of fibers were estimated from 40 measurements via a line drawn at 

5000x magnification on the SEM. 

2.3. Antibacterial Properties 

The antimicrobial properties of the PCL/lignin films following ISO 22196, a standard 

method for quantifying antibacterial activity on impermeable surfaces, including plastics. 

Escherichia coli was used in this study as a representative of gram-negative bacteria. The 

experimental procedure entailed the preparation of a cell suspension at a concentration of 105 

CFU/ml, which was then inoculated onto 5x5 cm sample films covered with 4x4 cm 

polyethylene film, followed by a 24-hour incubation period. Subsequently, 10 ml of Luria-

Bertani (LB) broth was introduced as a neutralizer. After incubation, 10 ml of LB broth was 

introduced as a neutralizer. A 10-fold serial dilution of the suspension was plated on Plate Count 

Agar (PCA) and subjected to overnight incubation at 37°C, after which the resulting bacterial 

colonies were counted. Each different ratio of PCL/lignin films was tested in triplicate. 

2.4. UV-Transmission Properties 

A UV–vis absorption spectrometer was used to measure the transmittance data of the 

PCL/lignin films. The wavelength range of visible light and ultraviolet radiation was observed 

between 200 and 700 nm with a wavelength range at intervals of 2 nm. The film sample was 

inserted in a quartz cuvette, with an empty cuvette serving as a control sample. The PCL/Lignin 

film samples with a 0.08-0.09 mm thickness were prepared for testing, and each sample was 

tested in triplicate. 
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2.5. Mechanical Properties 

The mechanical properties, encompassing tensile strength (MPa) and percentage of 

elongation at break, were systematically evaluated following the standard procedure outlined 

in ASTM D882. Using a tensile testing machine (Instron 5943 Single Column Tabletop Testing 

System) with a 100 N load cell capacity, tests were conducted at a cross-head speed of 10 

mm/min with an attached sample at a gauge length of 20 mm. A minimum of three specimens 

for consistency, each featuring a cross-sectional dimension of 0.09 mm x 10 mm. 

3. Result and Discussion

3.1. Surface Morphology and Fiber Diameter 

The PCL/Lignin film surface was examined via scanning electron microscopy (SEM) at 

1000× magnification and fiber size measurements were conducted at 5000× magnification. The 

results indicated the presence of beads interspersed with fibers, particularly in samples without 

lignin (PCL/lignin 10:0). An increase in the lignin ratio led to a reduction in bead volume, 

accompanied by better fiber dispersion as illustrated in Fig. 1. On the other hand, the 

PCL/Lignin film with a PCL to lignin ratio of 6:4 exhibited tangled fibers, a non-uniform 

arrangement, and an increased amount of beads.  

Figure 2 illustrates the average measurement of the fiber diameter of each PCL/lignin film 

sample at all 40 points measured. The results showed a decreasing trend in fiber diameter with 

increased lignin content. As reported by Greiner et al., the viscosity of the solution affects the 

diameter of the fibers spun through the electrospinning machine, wherein a decrease in solution 

viscosity results in a reduction in fiber diameter. [10] Consequently, films with lower PCL 

ratios exhibit concomitantly diminished fiber diameters. 

Fig. 1. SEM image of PCL/Lignin ratios of 6:4 (a.), 7:3 (b.), 8:2 (c.), 9:1 (d.), and 10:0 (e.) 
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Fig. 2. Fiber diameter of PCL/Lignin samples 

3.2. Antimicrobial Properties 

In the antibacterial test for PCL/lignin film samples, E. coli is used as a representative for 

Gram-negative bacteria. After incubating the test specimen for 24 hours, the results showed 

that the percentage of bacteria decreased by less than 2% for the film sample without lignin, 

which did not show any difference from the number of bacteria at 0 hours. With an increase in 

lignin to a PCL/lignin ratio of 9:1, there was a 7.26% decrease in bacterial percentage. In 

contrast, at PCL/lignin ratios of 8:2, 7:3, and 6:4, the bacterial percentage decreased by 

approximately 9% of E. coli bacteria (Fig. 3 and Table 1). Despite the seeming reduction in 

bacteria, the antimicrobial activity (R) value is less than 2, meaning that there is no 

antimicrobial effectiveness, and there is a chance that bacteria could be recovered from the 

surfaces. [11] Moreover, Gram-positive bacteria should also be examined for antibacterial 

activity against PCL/lignin films. 

Table 1. Antimicrobial activity of Escherichia coli of PCL/lignin films 

Sample 
% 

Reduction 
R 

10:0 1.60 0.11 

9:1 7.26 0.49 

8:2 9.96 0.67 

7:3 9.61 0.65 

6:4 9.19 0.62 
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Fig 3. The logarithm of the population of E. coli bacteria at 0 hr. and 24 hr. of PCL/Lignin 

films testing. 

3.3. UV-Transmission Properties 

The measurement of UV-vis absorption spectra was used to evaluate light transmission 

across different wavelengths. In the PCL/lignin film samples, the results revealed an obvious 

reduction in transmittance with an increasing lignin ratio. Notably, variations in transmittance 

were observed in the wavelength range of 300 to 700 nm, which is the wavelength range of 

UVA and visible light [12]. Specifically, within the range of 315 to 400 nm, corresponding to 

UVA rays, and the range of 400 to 700 nm, encompassing visible light perceptible to humans, 

the film samples featuring PCL/lignin ratios of 7:3 and 6:4 exhibited remarkable UV protection, 

surpassing 99.9%, highlighting their potential efficacy in shielding against the adverse effects 

of UVA rays and visible light on skin and wound healing.
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Fig 4. UV–vis absorption spectra of PCL/Lignin film samples 

3.4. Mechanical Properties 

The mechanical test results for the PCL/lignin film samples present the mean tensile 

strength (Fig. 5) and percentage of elongation at break values (Fig. 6) derived from three 

measurements, with the error bars indicating the standard deviation corresponding to each PCL: 

lignin ratio. Furthermore, it was found that the tensile strength and percentage elongation at 

break values of the films containing PCL/Lignin ratios of 9:1 and 8:2 were not different from 

those of the films without lignin after lignin was added. For this reason, it exhibited good 

compatibility with the mechanical properties of the film when applied in appropriate amounts 

of lignin. On the other hand, the addition of lignin resulted in a decrease in the material's tensile 

strength and percentage of elongation at break values. to 0.293 mPa and 28.70%, respectively, 

for the film with a PCL/lignin ratio of 7:3 and to 0.190 mPa and 19.17% for the film with a 

PCL/lignin ratio of 6:4, indicating that adding more than 20% of lignin reduced the tensile 

strength and elongation ability. 
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Fig 5. Tensile strength of PCL/Lignin film samples 

Fig 6. Percentage of elongation at break of PCL/Lignin film samples 

4. Conclusion

This study investigated the effects through a multifaceted analysis of the incorporation of 

organosolv lignin into PCL using an electrospinning method under appropriate conditions. 

Surface morphology assessments, utilizing SEM, unveiled intricate fiber structures, 

highlighting the influence of lignin on bead volume and fiber dispersion. While an increase in 

the PCL/lignin ratio generally led to improved dispersion, a 6:4 ratio resulted in tangled fibers 

and increased bead content. The antimicrobial properties show a minimal reduction in the 

number of gram-negative bacteria. However, the antimicrobial activity (R) value remained 

below 2, indicating limited effectiveness. UV-vis absorption spectra analyses revealed a 
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reduction in transmittance with escalating lignin ratios, with films at 7:3 and 6:4 ratios 

displaying exceptional UV protection. Mechanical testing demonstrated good compatibility 

between lignin and the mechanical properties of PCL films at appropriate ratios, yet exceeding 

20% lignin led to a decline in tensile strength and elongation ability. In conclusion, the findings 

from the antibacterial, UV protection, and mechanical properties analyses affirm that 

PCL/lignin films have the potential to impart distinctive properties to lignin, thereby enhancing 

the overall performance of PCL polymers. 
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Abstract 

CO2 methanation is beneficial not only for green-house gas abatement but also energy demand 

support. Various catalysts and reaction conditions have been studied and its experimental data 

were accumulated for decades. Machine learning is received wide attention due to the ability to 

reveal insight from literature data. However, the size of experimental data is limited and 

considerably small even accumulated for decades, affecting the accuracy and robustness of the 

model.  In this work, we used data augmentation technique to increase the size of dataset to 5 

and 10 times for training multilayer perceptron neural network model. For default model 

parameters, R2 and RMSE for predicting CO2 conversion were increased from (0.89, 10.5) to 

(0.91, 9.7) and (0.92, 9.5) for 5 and 10 times training set, respectively. The best R2 and RMSE 

of 0.94 and 7.6 were obtained by tuning hidden layer and maximum iteration. This work 

demonstrates the advantage of applying data processing technique to improve the accuracy and 

robustness of the model in catalyst domain.

Keywords: Machine learning; multilayer perceptron; data augmentation; CO2 methanation. 

1. Introduction

Nowadays, natural disasters are becoming more serious. Many countries around the world 

are experiencing climate change and rising temperatures. This is a result of global warming 

caused by human activities that increase carbon dioxide in the atmosphere. In 2021, Thailand 

recorded its highest CO2 emissions in the industrial sector, reaching 76.5 million tons, marking 

a 9.9% increase compared to the previous year. This surge aligns with the expansion of 

industrial production in 2021, particularly within key sectors such as the automotive and steel 

industries. The capture and catalytic conversion of CO2 to fuels or commodity chemicals, as an 

effective approach, have been extensively studied. Among the numerous target products, 

methane is a promising one as it is in great demand and feasible for cost-effective distributions. 

The CO2 methanation has also stimulated great research interest. This is because it has the 

potential to be used in renewable power-to-gas (P2G) systems [1]. Specifically, in P2G 

technology, H2 produced from renewable sources reacts with CO2 (produced from industrial 

processes) and can be chemically converted into synthetic natural gas [2]. The CO2 methanation 

is a reaction that is strongly exothermic. It was first discovered by Paul Sabatier and Jean-

Batiste Senderens in 1897 and is described by the following equation scheme (Eqs. 1-3): 

𝐶𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂 ∆𝐻298𝐾
0 = −165𝑘𝐽/𝑚𝑜𝑙  (1) 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 ∆𝐻298𝐾
0 = 41𝑘𝐽/𝑚𝑜𝑙   (2) 
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𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂 ∆𝐻298𝐾
0 = −206𝑘𝐽/𝑚𝑜𝑙 (3) 

The general consensus in the literature is that CO2 methanation (Eq. (1)) proceeds via the 

production of carbon monoxide through the reaction of reverse water gas shift (RWGS, Eq. (2)) 

as an intermediate step, and then CO hydrogenation to CH4 [3]. However, CO2 is a highly stable 

molecule that requires high temperatures to be activated [4]. Consequently, CO2 methanation 

is a challenging process that requires optimum operating conditions and appropriate catalysts 

for high yield and selectivity for methane. As the result of these efforts, a large amount of data 

has been accumulated in literature over year; these data can be collected and analyzed using 

machine learning (ML) to extract the knowledge distributed over the entire methanation 

literature [5]. The multilayer perceptron (MLP), a prominent type of artificial neural network 

(ANN), finds widespread applications in machine learning and pattern recognition. Comprising 

an input layer, multiple hidden layers, and an output layer, an MLP processes information 

through these layers. Each node within the network calculates a weighted sum of its inputs, and 

this sum undergoes a nonlinear activation function, facilitating the generation of an output. 

Renowned for their ability to grasp intricate relationships between inputs and outputs, MLPs 

can be trained using various algorithms, such as backpropagation. The backpropagation 

algorithm adjusts the network's weights to minimize the error between predicted and actual 

outputs during the training process [6]. B Yılmaz study machine learning while using random 

forest (RF) model for analysis of catalytic CO2 methanation, achieved in predict CO2 

conversion with root mean square error (RMSE) of 6.4 and 12.7 respectively and R-square (R2) 

was 0.97 for training set while it was 0.85 for testing set [5]. S. Wei et al. used data 

augmentation algorithms such as variational auto-encoder (VAE) and generative adversarial 

network (GAN) for the bio-polymerization process, achieved the highest for VAE at 0.85 R2 

and GAN at 0.74 R2 in testing set [7]. 

In this work, we used data augmentation techniques to create 5 and 10 times augmented 

data for training multilayer perceptron neural network model. 

2. Materials and Methods

2.1 Dataset 

The original dataset used in this work was collected by R. Yıldırım’s group and the details 

were described elsewhere [5]. In summary, 4,051 data points were manually extracted from 100 

published experimental papers using “CO2 methanation” and “catalytic CO2 hydrogenation as 

keywords in web of science. The input parameters (features) and output parameter (target) were 

summarized in Table 1, shows the features used in the experiment.  

Table 1. Input-output features used in the dataset. 

Input Output 

Catalyst 

properties 
Synthesis conditions Reaction conditions 

Catalytic 

performance 

Base Catalyst preparation 

method 

Reduction temperature 

(oC) 

CO2 conversion % 

Base wt. % 

Base 2 (co metal) Calcination 

temperature (oC) 

Reduction pressure 

(bar) Base 2 wt. % 

Support Calcination time (h) Reduction time (h) 
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Support wt. % Reduction H2% 

Support 2 (co 

support) 

Temperature (oC) 

Pressure (bar) 

W/F (mgcat/minml) 

Time on stream (h) 

CO% in feed 

Inert% in feed 

CH4% in feed 

H2O% in feed 

H2/CO2 in feed 

2.2 Data Preparation 

2.2.1. One-Hot Encoding 

 Categorical features including Base, Base 2, Support, Support 2, and Catalyst preparation 

method were converted to numbers [0, 1] using the command pandas.get_dummies() before 

analysis because MLP works well on numbers.  

2.2.2. Missing Values 

 Missing values were filled with average values, as defined in Eq. (4). 

𝑀𝑒𝑎𝑛 (𝑥̅) =
∑ 𝑥

𝑛
(4) 

2.2.3. Data Partition 

 4,051 points of the dataset were divided into 80 and 20% as training and testing datasets, 

respectively. When learning a model, it is essential to organize a dataset into subsets. The 

original dataset can be divided into two sub-sets: the training set, and the testing set. The 

training set directly participates in the training process, which is used to learning the model and 

modify its parameters. A test set is used to evaluate the performance and robustness of the 

model [8]. 

2.2.4. Data Augmentation 

Data augmentation was used to increase the diversity of a dataset by applying various 

transformations or modifications to the existing data. The goal is to enhance the performance 

and robustness of machine learning models. To enhance model performance through data 

augmentation techniques, one must be mindful of certain limitations. Firstly, it is crucial that 

models employing these techniques should be neural networks. Secondly, the dataset's 

magnitude should significantly surpass the number of inputs. Lastly, before applying data 

augmentation techniques, it is imperative to initially construct a model that exhibits 

commendable performance on the existing datasets. 

 In this study, data augmentation generated training set of the original dataset 3,240 data 

points, increasing to 16,200 data points (5 times) and 32,400 data points (10 times). The data 

was generated by adding noise that is randomly drawn from a normal distribution with mean 

equal to 0 and standard deviation equal to 1 as defined in Eq. (5). 
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𝑜𝑢𝑡𝑝𝑢𝑡[𝑖] = 𝑖𝑛𝑝𝑢𝑡[𝑖] + 𝑛𝑜𝑖𝑠𝑒 × 𝑏𝑒𝑡𝑎 (5) 

Where 𝑜𝑢𝑡𝑝𝑢𝑡[𝑖]  represent the value obtained after adding noise in i loop, 𝑖𝑛𝑝𝑢𝑡[𝑖] 
represent the original data value at i in loop, 𝑛𝑜𝑖𝑠𝑒 represent random values are obtained from 

the normal distribution, and 𝑏𝑒𝑡𝑎 represent the size adjuster noise. 

Fig. 1 Example of distribution for 5X (Lower) and 10X (Upper) data points. 

2.2.5. Data Normalization 

 Data normalization was performed to standardize the scale of features in datasets, ensuring 

fair comparison, faster convergence in machine learning models, equal importance of features, 

improved interpretability, and mitigation of the impact of outliers. The standardized Z-score 

was adopted, as defined in Eq. (6). 

𝑍 =
𝑋−𝜇

𝜎
(6) 

 Where 𝑋  represents the individual data point, and 𝜇  and 𝜎  represent the mean and 

standard deviation of the dataset, respectively. 

2.3 Model Evaluation 

Quantifying the quality of the model can be calculated using root mean square error 

(RMSE), as defined in Eq. (7) and the reliability of the model are obtained from R2 score. 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑦𝑖 − 𝑦̂)2𝑁

𝑖=1 (7) 

𝑅2 = 1 −
∑ (𝑦𝑖−𝑦̂𝑖)2𝑛

𝑖=1

∑ (𝑦𝑖−𝑦̅)2𝑛
𝑖=1

(8) 
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a) 

b) e) 

d) 

c) f) 

2.4 Multi-layer Perceptron regressor 

Multilayer Perceptron (MLP), offers effective solutions for complex problems, showcases 

deep learning capabilities, and automatically adjusts weights during training, providing 

flexibility for various tasks and accurate predictions when appropriately configured. 

In this study, Multilayer Perceptron (MLP) was used to learn with original data and training 

data with 5 and 10 times. In the model learning step, the hyperparameter set value is default 

first to compare results, then hyperparameter modification (hidden layer sizes and max number 

of iteration) was performed to find the best hyperparameter that gave the lowest RMSE score 

and the highest R2 score. 

3. Results and Discussion

3.1. Effect of Augmented Data Size 

 

Fig. 2 Comparison of predicted and experimental CO2 conversion for testing dataset, a) 

original (default), b) 5X (default), c) 10X (default), d) original (best), e) 5X (best), and 10X 

(best).
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A predictive model for CO2 conversion% was developed using MLP algorithm; the 

predictions for origin training, augment 5 time and augment 10 time of training with testing 

sets are given in Table 2, respectively, for the default model (with hidden layer size of (100) 

and max iter of 100000). The R2 score are 0.98 and 0.92 for augment 10 time of training and 

testing set, respectively, is the highest R2 score. while R2 score original training and testing set 

are the lowest at 0.95 and 0.89, respectively. because the addition of learning data increases the 

complexity of the model, potentially enhancing its ability to predict CO2 conversion% more 

accurately and reliably. However, the Fig. 2(a-c) reveals limitations, particularly in predicting 

CO2 conversion% values near 0 and 100. Adjustments to the model parameters were made to 

address this issue, and further explanations will be provided in the next section.

3.2. Tuning of MLP parameters 

In Table 2 shown the predictions for origin training, augment 5 time and augment 10 time 

of training with testing sets, respectively, for the best model (with hidden layer size of 

(136,136,136,136,136,136) for origin training, (136,136,136,136,136,136,136) for augment 5 

time and 10 time and max iter of 100000). The R2 score are 0.99 and 0.94 for augment 10 time 

of training and testing set, respectively, is the highest R2 score. while R2 score origin training 

and testing set are the lowest at 0.98 and 0.93, respectively. The observed improvement in 

predictive capabilities is attributed to modifications in the neural network, specifically by 

increasing the number of hidden layers. This structural adjustment enhances the model's 

capacity to comprehend and learn from the additional data. The augmented training data, 

increase of 5 and 10 time, contributes to increased efficiency in both the original and augmented 

datasets. Notably, the augmentation 10 time yields the best results due to the augmented data's 

heightened complexity compared to the original dataset. This complexity allows the learning 

model to explore a broader spectrum of data behavior than the original training data. The Fig. 

2(d-f) illustrates those predictions for CO2 conversion% values near 0 and 100 are notably 

improved, indicating a more robust predictive capability in these critical ranges. 

Root Mean Square Error (RMSE) is a performance metric that quantifies the difference 

between predicted values from a model and the actual values in a test dataset. A lower RMSE 

indicates closer agreement between predictions and actual values, while a higher RMSE 

suggests a larger deviation. The formula used to compute RMSE is given in Eq. 7. 

Table 2. R2 and RMSE of various datasets. 

Dataset 

Default Best 

Train Test Train Test 

R2 RMSE R2 RMSE R2 RMSE R2 RMSE 

Yilmaz’s work - - - - 0.97 6.4 0.85 12.7 

Original 0.95 7.6 0.89 10.5 0.98 5.1 0.93 8.8 

5X 0.98 4.6 0.91 9.7 0.98 4.5 0.93 8.5 

10X 0.98 4.1 0.92 9.5 0.99 2.7 0.94 7.6 

In Yilmaz’s work used data carbon dioxide methanation in their study. A random forest 

model was used to analyze the data. The results showed that the training set had R2 and RMSE 

values of 0.97 and 6.4, respectively, while the test set had values of 0.85 and 12.7, respectively. 
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To improve the performance of the model, a neural network or multilayer perceptron algorithm 

was used to learning with the original data set. The experimental results are shown in Table 2. 

This model achieves results when trained on the original training dataset, showing R2 and 

RMSE values of 0.98 and 5.1 for the training set, and 0.93 and 8.8 for the testing set, 

respectively. 

To improve the performance of neural network models or multilayer perceptron algorithm, 

data augmentation techniques were employed to enhance the performance of model. The 

experimental findings are summarized in Table 2. The results indicate that utilizing the data 

augmentation technique, with 5 times increase in the training dataset, it was found that the 

performance values such as R2 and RMSE at 0.98 and 4.5 for the training dataset, and 0.93 and 

8.5 for the test dataset, respectively. Further augmenting the training dataset 10 times resulted 

in improved, with R2 and RMSE values reaching 0.99 and 2.7 for the training set, and 0.94 and 

7.6 for the testing set. A comparative analysis with the original training dataset results revealed 

that 10 times increase in the training dataset proved to be more efficient and reliable in 

improving model performance. Increasing the dataset size in training promotes diverse learning, 

allowing the model to adapt to a wider range of data, while hyperparameter tuning enhances 

the model's ability to comprehend and learn from the data. This leads to improved performance 

and reliability of the model. 

4. Conclusions

In this study, a data augmentation technique was employed to enhance the analysis of

catalytic CO2 methanation using machine learning tools. The investigation revealed that the 

performance and reliability of the model are significantly influenced by the size of the training 

dataset. When the training dataset was augmented by a factor of 10 and an MLP (Multi-Layer 

Perceptron) was utilized, the model exhibited an RMSE value of 9.4 and an R2 score of 0.92. 

This outperformed the model trained with an augmented dataset five times and the original 

training dataset, indicating that the augmented training dataset 10 time was more efficient and 

reliable. Further improvement was achieved by adjusting hyperparameters, such as the hidden 

layer. With these adjustments, the RMSE value decreased to 7.6, and the R2 score increased to 

0.94 when using the augmented training dataset 10 time. Notably, this improvement extended 

the predictive capability to critical ranges, demonstrating the effectiveness of increasing the 

training data. The augmentation facilitated a broader exploration of information, enabling the 

MLP model to learn diverse data behaviors akin to the complexity of the human body's neural 

network system. 
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Abstract 

In recent years, the advancement of machine learning stands out as a significant technological 

breakthrough. Numerous of machine learning algorithms have emerged to address complex 

real-world challenges across various domains such as bioinformatics, medical data processing, 

cybersecurity, and gas classification. Gas detection holds important role in ensuring health and 

safety within the chemical industry. Accurate classification of gases is vital for determining 

optimal treatment strategies, particularly in scenarios involving minor pipeline leakages. 

Machine learning techniques offer a promising approach to gas classification, with 

convolutional neural networks (CNNs) being among the most widely adopted algorithms. 

CNNs are favored for their ability to autonomously identify salient features without human 

intervention and their superior generalization capabilities. In this study, we propose a CNN 

architecture specifically tailored for gas classification tasks. The model will be trained and 

validated using diverse datasets encompassing five gas types: pure methane, pure ethylene, pure 

CO, CO-ethylene mixture, and methane-ethylene mixture. The CNN architecture's performance 

will be evaluated based on its accuracy, with the highest achieved accuracy serving as the 

benchmark for identifying the most effective model. 

Keywords: Deep learning; convolutional neural network; gas detection; classification 

1. Introduction

There are several types of oil spills and gas leaks especially in the field of chemical industry.

For instance, gas leaks and oil spills can be happened by drilling blowouts, daily spills (small 

spills), transportation leaks, and many others [1]. In April 20th, 2010 known as "The Deepwater 

Horizon", the worst oil spill happened in United States which killed 11 peoples. It was estimated 

3.19 million barrels of oil had leaked into the gulf [2].  

Various types of method for detecting gas leakage or oil spills had been introduced among 

researchers to help for detecting the leakage. For instance, Jiang et al. [3] used a hyperspectral 

imaging approach for detecting a single point of natural gas leakage. By using hyperspectral 

images of bean, corn crops, and grasslands, the experiment can detect natural gas leaks. With 

the accuracies of the detection results based on the vegetation indices and color index were 53% 

and 56%, respectively. Furthermore, Li et al. [4] used the combination of noise and pressure 

interaction model for detecting the leakage on gas pipeline. The technique demonstrated 

enhanced suitability for industrial applications. With ongoing advancements, machine learning 

has emerged as a viable approach for detecting leakages within the chemical industry. 
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In recent years, there has been a big interest of implementing machine learning for leakage 

detection especially in chemical industry. The integration of machine learning often 

complements other tools or devices, such as unmanned aerial vehicles (UAVs) or gas sensors. 

Furthermore, leveraging machine learning for leakage detection offers the advantage of robust 

gas concentration classification capabilities. It is beneficial to enhance the leakage detection on 

pipelines [5]. For this purpose, it is necessary to choose the best pattern recognition algorithm 

with good performance in terms of classification accuracy and acceptable network architecture 

with deep consideration of existing conditions [6]. 

Industrial accidents caused by gas leakage especially in chemical industry have been 

increased within the past few years. One of the primary sources of leakage originates from 

pipelines. Failure to detect such leaks promptly can pose significant risks to both the 

environment and individuals in the vicinity. Pipelines are considered as one of the best ways 

and effectively to transport oil and gas products in chemical industry. This system usually 

comes up with hundreds of kilometers long. Therefore, it is important to all gas companies 

worldwide to develop efficient method of leakage detection as well as establish an effective 

monitoring system across the pipelines [7]. 

Given the myriad challenges faced by industries, the occurrence of gas or oil leaks is 

practically unavoidable. Thus, it becomes imperative for companies to adopt preventive 

measures and swiftly detect any leaks. This study introduces CNN to analyze several gases 

typically encountered in industries, notably CO and methane. Subsequently, CNN will be 

employed to classify these gases, leveraging the dataset comprising the five gas types 

investigated in this study. The ultimate goal is to initiate the integration of CNN with diverse 

instruments, such as drones, to enhance the detection of pipeline leaks. 

2. Materials and Methods

In this research, the experiment will be focused on classifying the gas based on the

developed convolutional neural network (CNN). The procedures in this research are shown in 

Fig. 1. Firstly, the raw data will be collected by experiment. The data that had been collected 

then will be augmented automatically and manually for further use in study. 

Furthermore, in this research, the datasets will be divided into four different types, namely 

Dataset 1, Dataset 2, Dataset 3, and Dataset 4. After completing the pre-processing with dataset, 

convolutional neural network architecture will be developed. Training and validation processes 

are necessary to validate if the CNN model could achieve the best result. However, unsatisfying 

result shown by the CNN model indicates that the architecture needs to be re-designed or 

adjusted for hyperparameters.   
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Fig. 1 Experimental procedure 

2.1. Dataset 

The background of the experiment was designed to test the gas sensor in realistic 

environment. In [8], a wind tunnel equipped with two distinct gas sources, labeled Source 1 and 

Source 2, was constructed to generate two separate gas plumes. Furthermore, the plumes will 

naturally get mixed along with a turbulent flow and reproduce the gas concentration that can be 

observed similar in natural environment. Thus, the gas sensor will capture some information 

contained in the gas plumes. 

In the experiment [8], there are 30 kinds of mixture which are composed by 15 kinds of a 

mixture of CO and ethylene, 15 kinds of mixture of ethylene and methane. Each configuration 

was repeated six times with the total of 180 sets of data. The main goal of this experiment is to 

detect five kinds of gases, which are pure CO, pure ethylene, pure methane, CO-ethylene 

mixture, and methane-ethylene mixture. 

The total duration in the experiment was separated into three parts with total of 300 s for 

each measurement. In the first 60 s, no gas was released in the tunnel. After 60 s, the gas was 

released in the tunnel from both sources for 180 s long. Furthermore, in the last 60 s, the system 

acquired the recovery phase. Throughout the experiment, the sensors signals were obtained in 

every 20 s intervals. In addition, 8 time series that indicate the gas condition in the experiment 

were obtained [8]. 

Additionally, the goal of this research is by using the raw data that captured by the sensors 

without any changes from the data, so that hopefully the CNN can extract the features 

comprehensively. Therefore, the size of 2,970 x 8 matrix was used without any interference. 
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Fig. 2 Line plots of data from 8 sensors. 

Figure 2 shows line plots that are used in this research as an input fed to the CNN. The 

different colors in the image indicate the 8 sensors employed in the experiment. As shown in 

Fig 2 the upward and downward signal represent the sensors activity that records the gas in the 

tunnel. In the figure, horizontal axis represents the time in seconds multiplied by 10, while the 

vertical axis represents the response value of the sensor. 

As mentioned before, the three parts of the measurement can be seen from the Fig 2 from 0 

s to 60 s is called as preparation time, it can be seen from the Fig 2 that the line is in baseline 

value. In the preparation time, air is remained as the input. In 60 s to 240 s, the two gas sources 

are began to release the gas into the tunnel shown by the changing of the line that is gradually 

increased. Finally in 240 s to 300 s is a recovery time for the sensors, as shown in the figure 

that the line is gradually decreasing back to the baseline.  

2.2. Convolutional Neural Network Architecture 

In this research, developed convolutional neural network with shortcut connection was 

applied. Inspired by [9], residual network was built to tackle degradation problem that exposed 

in plain network. The idea came from the fact that deep neural networks are more difficult to 

train than traditional neural network. Following by the increasing of the network depth, the 

accuracy gets saturated and will degrades rapidly.  

In this research, a new CNN architecture is developed. The developed CNN architecture is 

inspired by ResNet18 [9]. By using shortcut connection in the architecture, the layers were 

made with the total of 53 layers. The method used in determining the number of layers is by 

trial and error. In the proposed model, two new methods are introduced. 

Shortcut connection in skipping 1 convolutional block followed by 2 convolutional blocks, 

repeated. Commonly in the application of shortcut connection, skipping one or two 

convolutional block is applied. So far in terms of gas prediction, this unique method is the first 

time that has been used. The method can help reduce the total number of layers and parameters 

compared to the original residual network like ResNet. 

Additionally, with a total of 53 layers, a lesser number of layers is applied. The network has 

been proven to effectively handle various types of images as inputs. Despite differences in 

complexity within the dataset, the model can be easily trained and accurately predict each 
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dataset. Furthermore, the number with 53 layers is the most appropriate number. As is known, 

the number of layers will greatly affect the value of the loss and accuracy of a model. Moreover, 

in this experiment the number of layers more than 53 will result in overfitting of the model. 

This will be seen later in the experiments conducted by model ConvsNet and SkipCNN. The 

similar thing also happens when the number of layers is less than 53. The model will not be 

able to recognize an object properly and will result in overfitting of the model. 

Furthermore, the proposed CNN model used in this research is constructed with shortcut 

connection or skip connection. Shortcut connection is a well-known method to help tackle the 

degradation problem for deep learning model. 

3. Results and Discussion

In this research, three CNN architectures are compared to point the best model that will be

used in the experiment. As shown in Table 1, three CNN architectures are applied in the 

experiment. 

Table 1. Model of CNN architecture in this research.

Name of Architecture Network Type Number of Layer 

ConvsNet Plain Network 69 

SkipCNN Residual Network 66 

ShortcutNet (Proposed Model) Residual Network 53 

From Table 1, the model of architecture in this research not only used the residual network 

(SkipCNN, ShortcutNet) but also the plain network (ConvsNet) of CNN. Furthermore, the total 

number of layers for each architecture differed. These three CNN architectures will be trained 

with one of four datasets. As mentioned in research methodology, different type of 

concentration level of each gas will be applied for the CNN model to feed the CNN with 

different input. Zero ppm for pure concentration between CO, methane, and ethylene, low 

concentration, medium concentration, and high concentration. 

Developed convolutional neural network for gas classification has been applied in this 

experiment. Five types of gases (pure CO, pure ethylene, pure methane, mixture of ethylene-

CO, and mixture of methane-ethylene) are applied to test and validate the developed 

convolutional neural network, along with the other model comparison. As mentioned in the 

previous chapter, trial and error method is applied to Dataset 1 for each network to choose the 

best network to be implemented for Dataset 2, Dataset 3, and Dataset 4. Table 2 shows the final 

accuracy from each network using Dataset 1. From Table 2, we can conclude that the proposed 

model gives the best result and outperforms other networks as can be observed from the highest 

final accuracy with the least number of layers. 

Table 2. Final training accuracy for model comparison with Dataset 1.

Network Name Type of Network Total Layer Final Accuracy 

ConvsNet Plain Network 69 56.82% 

SkipCNN Residual Network 66 60.84% 

ShorcutNet (Proposed Model) Residual Network 53 95.30% 
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After the network is determined, the proposed network is applied to the rest of dataset. Table 

3 shows the final accuracy from the proposed model using Dataset 2, Dataset 3, and Dataset 4. 

With the proper hyperparameter adjustments, the proposed network shows tremendous result 

with Dataset 2 final accuracy at 94.67%, Dataset 3 with 98.06% accuracy, and Dataset 4 with 

97.50% accuracy. The average final accuracy is 96.74%. From Table 3, the highest final 

accuracy can be achieved from Dataset 3 with 98.06% accuracy. Various factors can affect the 

final accuracy. For instance, the total amount of data used, the complexity of the image and the 

hyperparameters in the model.  

Table 3. Final validation accuracy of proposed model.

Network Name Dataset Group Final Accuracy 

ShorcutNet (Proposed Model) 

Dataset 2 94.67% 

Dataset 3 98.06% 

Dataset 4 97.50% 

4. Conclusions

In this study, residual convolutional neural network (CNN) with shortcut connection is

developed. In addition, residual learning is applied to tackle degradation problem when layer is 

stacked. The model is proposed to classify five types of gases, which are pure methane, pure 

ethylene, pure CO, methane-ethylene mixture, and CO-ethylene mixture. Furthermore, four types 

of different datasets are applied in the experiment to train and validate the proposed model 

performance. The results show that the proposed model can achieved 96.74% on average accuracy 

between four types of datasets. The advantage of the proposed model is although the less layer is 

applied to different types of datasets, the proposed model can still obtain superfine accuracy score. 
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Abstract 

Wastewater pollution from pig farming activities is the main source of contamination in the 
lower Tha Chin River Basin, particularly in Nakhon Pathom province. This pollution occurs 
from various activities within pig farming such as the improper treatment of wastewater. 
Despite the prevalent use of biogas production systems, current wastewater management 
practices remain inadequate in addressing this issue effectively. This study aims to estimate the 
pollution loads from pig farms in Nakhon Pathom province discharging into the Tha Chin River 
Basin and proposes waste management strategies under the circular economy principle. 
Through Material Flow Diagram analysis, it was found that improving the wastewater treatment 
system could significantly reduce pollution by 0. 0 0 1 5  kg BOD/day per pig. Therefore, 
enhancing wastewater treatment efficiency and promoting reuse within farms are imperative 
steps to meet Thailand's water quality standards and mitigate the environmental impact of pig 
farming in the region. 

Keywords: Pollution load; Waste management model; Pig farm; Circular economy concept. 

1. Introduction
The problem with pig farms in Thailand is the quality of the wastewater released from the farms,
which has an impact on the environment. Poor quality wastewater is exported to rivers or nearby
water bodies from various activities. up within the pig farm, such as raising and cleaning the
barns, cause pollution to the surrounding environment. To solve this problem, pollution control
agencies operate from within the pig farm to the outside environment. This is because there is
a problem of deterioration of water sources in the country, which is the main cause. Wastewater
treatment systems recommended by government agencies in Thailand include: Anaerobic tank
system and static adjustment pond but at present, biogas treatment systems are of interest to the
agricultural sector [2] by managing wastewater generated from pig farms. By collecting
wastewater and processing it into electrical energy for use in farm activities. Although this
system requires a large investment of resources, it can be cost-effective in the case of such large
pig farms. Currently, the water quality in the Tha Chin River is deteriorating due to many
contaminants. Due to the use and release of untreated water into the Tha Chin River. There are
many factors that cause water quality to decrease. One of them is the release of wastewater
from a pig farm into the Tha Chin River without treatment or with insufficient treatment,
according to a 2021 report by the Pollution Control Department focusing on the Chedi Bucha
Canal issue, which flows through Mueang Nakhon Pathom District and Nakhon Chai Si
District. In an area with a high density of pig farms, it was found that 91% of pig farms regularly
used wastewater treatment systems, while 9 %  did not use them [2] .  Pollution Control
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Department officials gave recommendations for improving the system, with an emphasis on 
increasing efficiency. Wastewater treatment increase pond capacity and prevent water from 
leaking out of the farm [3]. Wastewater management systems on pig farms represent an 
investment in environmental awareness rather than a profit for the operator. Its value lies 
primarily in the environmental awareness of entrepreneurs. Therefore, it is of utmost 
importance to consider selecting a treatment system that matches the amount of wastewater 
generated on the farm. [4]. The concept of circular economy aims to create a sustainable cycle. 
Where economic activity is renewed, rebuilt, and designed with long-term impacts in mind. All 
economic activities are created and circulated within the entire system in such a way that they 
are produced, used, and reproduced. In Thailand, this is driven by the industrial sector due to 
concerns about the shortage of energy and key production resources. The government has issued 
a policy for the public and private sectors to adjust the system appropriately and apply this 
concept to the agricultural sector as well. [5] By estimating the amount of pollution that occurs 
in the system, it will be known whether the system needs help or improvement, with an 
emphasis on reducing costs and meeting standards under the concept of circular economy, 
leading to zero-waste. This study aims to evaluate. The amount of pollution from pig farms in 
Nakhon Pathom Province enters the Tha Chin River Basin, and applying the concept of circular 
economy to pig farms through waste management situations. 

2. Methodology

2.1 Study area 

The target area is a pig farm located in Nakhon Pathom province in low plain areas along the 
river banks of the lower Tha Chin River and its tributaries. Because the canal flows into the 
main river, this also causes an accumulation of pollution in the Tha Chin River. 
2.1.2 Questionnaire design and survey. The survey focusses on activity in the pig farm which 
relates to wastewater management, water quality and the number of pigs. 
2.1.3 Data collection. Two types of data collection: confirmation data, which validates the 
research results. Analytical data, includes information on the number of pigs, pig farm 
wastewater management, and farm wastewater quality. 

2.2 Material flow analysis 
Pollution load calculations form the foundation for process design and control, providing 
insights into the required raw materials and expected product output. Initially, we began by 
creating a Mass Flow Diagram (MFD) and developing a standard model. Additionally, the 
model underwent updates through three different scenario management processes. Analysing 
the material flow management scenarios, encompassing both positive and negative outcomes 
regarding management styles and pollution in pig farms. Treatment efficiency was calculated 
for each model. The results of the analysis were obtained from scenarios of treatments. 

3. Results and Discussion

This paper shows results from the calculation and wastewater management of pig farm in two 
parts: 1) Pollution load from pig farm, 2) Management model 

3.1 Number of pig and pollution discharged into the environment 
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The number of pigs has a significant impact on pollution; the calculated loads are shown in 
Table 1. which loads are released into the environment in Nakhon Pathom Province from 2019 
to 2022. The number of wastewater and loads per pig are based on rates from the Pollution 
Control Department [3]. In 2021, BOD loads after treatment in the presence of 359,709 pigs 
were 11,361 kg of BOD per day. However, in 2022, the BOD loads from 74,473 pigs 
contributed 2,352 kg of BOD per day to the discharges into the environment. The number of 
pigs in 2022 has been affected by the flooding situation and the epidemic situation in 2021, 
resulting in damage to the pig breeders from the Thai Pig Growers Association. The obtained 
loads were still high even after passing the treatment system. This can indicate that the presence 
of wastewater treatments is not functional.  

Table 1. Pollutants in wastewater that will be released into the environment in Nakhon 
Pathom province from 2019-2022. 

Year Number of 
pigs 

Effluent wastewater 
(m3/day) 

Pollution 
(kg BOD/day) 

Discharged into the 
environment (kg BOD/day) 

2019 162,891 3,909 13,683 5,145 

2020 167,192 4,013 14,044 5,281 

2021 359,709 8,633 30,216 11,361 

2022 74,473 1,787 6,256 2,352 

Pollutant emissions in wastewater vary across districts in Nakhon Pathom Province (Table 2), 
with the highest emitter being Mueang Nakhon Pathom, followed by Kamphaeng Saen in 
second place, and Samphran in third place. Notably, in 2018, Samphran District was previously 
ranked third.  

Table 2. Pollutants in wastewater that will be released into the environment at the district level 
Nakhon Pathom Province in 2022 

District Number of 
pigs (pigs) 

Effluent 
wastewater 

(m³/day) 

Pollution 
(Kg BOD/day) 

Discharged into 
the environment 
(kg BOD/day) 

Mueang Nakhon 
Pathom 

41,554 997 3,491 1,312 

Samphran 8,436 202 709 266 

Kamphaeng Saen 20,388 489 1,713 644 

Bang Len 3,975 95 334 126 

Nakhon Chai Si 64 2 5 2 

Don Tum 56 1 5 2 
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Total 74,473 1,787 6,256 2,352 

3.2 Management model by MFD 
The current pollution management systems on pig farms are practiced according to 
recommendations from the Department of Livestock Development and the Pollution Control 
Department. Mostly farms employ a biogas system and sedimentation pond for wastewater 
treatment systems. However, this management approach demands significant space and 
involves a high initial investment, without yielding increased productivity. Within the on-farm 
waste management system, wastewater originating from washing and pig consumption is 
utilized. The biogas production system is integral to managing pig manure, yielding three 
primary byproducts: wastewater, biogas, and sludge. Effluent of biogas system is later treated 
by sedimentation ponds, which function as water retention ponds. Multiple sedimentation ponds 
are employed for this purpose. The treated water is subsequently recycled and released into 
nearby water sources at a later stage. Therefore, treated water is gradually released into the 
environment. Sludge from biogas systems is treated by the drying process and later used as 
fertilizer for growing vegetables or for sale, as shown in Figure 1. 

Figure 1. MFD of current pig farm waste management system in Thailand 

3.2.1 Guidelines for solving problems of pig farm waste management systems 
1. Guidelines for adjusting large farms: This involves correcting both internal farm
management, modified materials into the biogas system and add a system to help remove algae.
1.1 Guidelines for reducing water flow out of the farm: A pig farm in Kanchanaburi province
has 3,000 pigs. The waste is taken through a covered lagoon process for approximately 45 days
before being extracted to create fertilizer. The resulting wastewater undergoes the
sedimentation process within the wastewater treatment system. Subsequently, the treated water
is utilized for cultivating crops and distributed to nearby communities. The water emerging
from the treatment system does not meet standard criteria in terms of chemistry and physical
properties (pH=7.53, BOD=60 mg/L, COD=47 mg/L, TKN=74 mg/L [6]. However, from a
biological perspective on the farm, these parameters serve as guidelines to ensure that the water
does not adversely affect the health of the pigs.
1.2 Guidelines for solving the problem of modified materials into the biogas system: Modified
cover lagoons are employed to reduce space usage and increase system performance biogas
system.  This modification simplifies the control of wastewater standards on the farm. Various
principles are utilized, including air mixing and ensuring the biogas system is community-
friendly. (Figure 2)
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Figure 2. MFD of pig farm waste management with modified cover lagoon system 

o Inserting air into the biogas system can reduce H2S from an average level of 644  ppm to
undetectable levels within 48  hours. Hydrogen sulfide in anaerobic wastewater treatment
systems with high sulfate rates can result in many problems, such as rotten egg odor, high
levels of This system will reduce the methane in the biogas produced from the aerated
digester by up to 3.5% which can be used to produce renewable energy as usual. Economics
suggests that investments in air mixing, equipment and operating costs result in an average
payback period of 1.32 years over the benefits of use. [7].

o In 2008, Chiang Mai University introduced a low-cost biogas production method for
households developed by the Faculty of Agriculture. This innovation aimed to address
community pollution issues, utilizing an investment of no more than 2,500 baht. This
approach won the 2008 Science and Technology Invention Contest under the topic
'Machinery, Energy, and the Environment for Agriculture.' It is particularly suitable for
small farms [8].

Improving according to the model (Figure 2), which entails enhancing the Biogas production 
system, can lead to a reduction in pollutants in wastewater such as Nitrogen and Phosphorus, 
depending on the specific unit improved within the Cover lagoon system. Once treated in the 
modified cover lagoon, wastewater flows into a holding pond and eliminating the need for 
multiple ponds for wastewater sedimentation. Subsequently, the treated water is discharged 
into the environment and some of the water will return to the pig farm's barn. Sludge that comes 
out of the system will have more nitrogen and phosphorus, which will be beneficial for making 
fertilizer. 

1.3 Use algae in a pig farm's waste management system: recommended for use in the wastewater 
pond system after leaving the cover lagoon. This system must consider adding a process to trap 
algae from wastewater, which is another wetland system, where green microalgae Scenedesmus 
obliquus can be used to assist in nitrogen and phosphorus treatment by incorporating it into 
piggery wastewater effluent process to eliminate nutrients from wastewater. Additionally, it 
enhances biogas production [9], this green alga can reduce nitrogen by 155 mg and phosphorus 
by 4 mg.  

2. Modification guidelines for small farms: This involves adding pollutants to the management
system.

605



 

The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

o Magnesium-biochar can be employed to absorb phosphorus and decrease the concentration
of ammonia nitrogen in wastewater. It will be introduced into wastewater treatment
process, exhibiting a treatment efficiency of 62.98% for ammonia nitrogen [10].
Subsequently, the water is extracted before entering the sedimentation pond system and the
water reservoir, following standard procedures.

o The capability of magnesium salt to reduce ammonia nitrogen and phosphorus through
precipitation is notable. This salt is introduced into a wastewater treatment tank to enhance
treatment efficiency and minimize odor. The efficiency in treating ammonia nitrogen is
recorded at 78.81%, while the efficiency in treating phosphorus is 58.17% [11].

o Magnesium ammonium phosphate crystallization can be employed to reduce nitrogen and
phosphorus. This compound is introduced into the treatment tank and stirred to accelerate
the crystallization reaction. The highest efficiency in removing total phosphorus and
ammonia nitrogen, 59.5% and 59%, respectively, was achieved with a stirring time of 30
minutes [12].

o Using Azolla plants in wastewater treatment can remove BOD up to 60-95% when planted
in the wastewater treatment pond of a pig farm. The longer the wastewater stays, the more
BOD Azolla plants will remove. This research recommends 14 days for the most effective
results [13]. When considering the efficiency value of pollution load, the load will be
reduced by 0.0015 kg BOD/day per pig.

o Floating plants such as tallow are 85.20% effective in treating BOD in pig wastewater, as
the concentration level of wastewater from pig farms to the weight and nutrients of the
floating plants has been determined. Water eggs are suitable for pig farmers at the farm
level as they can be used in the final wastewater treatment before releasing into public
water sources, and this plant can also serve as food for animals [14]. When considering the
efficiency value for pollution load, the load will decrease by 0.0015 kg BOD/day per pig.

Figure 3. MFD of pig farm waste management with biogas system 

Improvement according to Model 3 (Figure 3), additional wastewater treatment can lead to a 
reduction in the pollution level of wastewater by 0.03 kg BOD/day for 1 pig. This entails 
installing pollution limiters into the wastewater treatment tank. Subsequently, after treatment, 
the treated water is directed to the water reservoir before being discharged into the environment. 
Additionally, a portion of the water is returned to the farm for reuse. 

3. Guidelines for Zero-Waste Pig Farming in Pits
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o The optimal number of pigs for this type of farming is 100 on a small-sized farm, divided
into pens accommodating six pigs each. The construction utilizes coconut meat as a
foundation, with each pig requiring approximately 100 kilograms of coconut meat. On a
daily basis, a mixture of microbial water and fruit juice is sprayed inside the pens and
houses to eliminate odors and aid in the digestion of bedding material. Additionally, water
is sprayed onto the bedding material to enhance water absorption and prevent runoff from
the pig farming system. The use of fermented food has reduced nitrogen-induced odors
from 6% to 0.8%, resulting in reduced food costs. This indicates that the microbial juice
mixed with fruit fermentation contributes to a more efficient pig digestive system.

o After 5-6 months, the litter decomposes, becoming fertilizer for resale. Notably, the
utilization of coconut meat has increased from 100 kg per coconut to 500 kg per coconut
in last 5 months.

Figure 4. MFD of Pig Farming in Pits [15] 

4. Conclusions
Wastewater pollution from pig farms is the main source that polluted the lower Tha Chin River
Basin. The current wastewater management systems in pig farms are insufficient to treat the
wastewater effectively. This needs to consider the improvement of the treatment system or
additional alternative system in order to meet the standards. Therefore, the use of material flow
analysis for planning could be the advantage management system in order to see the circulation
of materials within the farm especially Ammonia nitrogen and Phosphorus. Analysis of
pollution loads reduction in each model indicates that enhancing the wastewater treatment
system proves more effective than improving biogas production. The upgraded wastewater
treatment system can potentially reduce pollution by 0.0015  kg BOD/day per pig. Enhancing
wastewater treatment efficiency and the reuse in farm is imperative in order to meet the
standards of Thailand and support the concept of the circular economy. This entails treated
wastewater is reuse in the farm's greenhouses which enhancing the use of nitrogen and
phosphorus for agriculture.
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Abstract 

Water hyacinth (Eichhornia crassipes (Mart) Solms) is a rapidly proliferating aquatic 

plant that can double its coverage area every 62 days or increase its population from 10,000 to 

600,000 plants in just eight months. Water hyacinths are biennial freshwater plants capable of 

both sexual and asexual reproduction. The Tha Chin River had an estimated volume of 322,852 

tons, or 20 tons/m2, between October 2020 and May 2021. From February to June, water 

hyacinths grow at a rapid rate. Ammonia, nitrite, and total phosphorus mostly discharged from 

domestic uses, industry, agriculture, fisheries, transportation. The water hyacinth uses 

phosphorus as a nutrient when it grows quickly, which affects aquatic life as seen from a bad 

taste and odor of water. Ammonium is also harmful to aquatic life. Nitrogen in the form of 

nitrite and nitrate can cause eutrophication, which accelerates the growth of aquatic weeds and 

water hyacinth. In this study, surveys utilizing satellite images from remote sensing, based on 

past data from Landsat 8 satellite images, investigated the relationship between nutrient 

elements and water hyacinth invasion in the lower Tha Chin River. The overlay results indicated 

that station TC07, TC04, and the area between TC04 and TC01 exhibited a moderate density 

range of plant coverage, which was correlated with the concentration of ammonia and 

phosphorus in the Tha Chin River. 

Keywords: Water hyacinth; Ammonia; Nitrite; Nitrate; Total phosphorus 

1. Introduction

Water hyacinth, Eichhornia Crassipes (Mart.) Solms originated in the South American 

Amazon region of Brazil. They were brought to Thailand in 1901 from the Indonesian island 

of Java, they were planted at Sra Pathum Palace. However, due to their rapid development and 

spread, water hyacinths quickly turned into a significant aquatic weed. The water hyacinth is 

an aquatic plant with basic foliage that develops rapidly. The petiole expands out in the middle, 

giving the leaf a cordate appearance, and the inside is porous to support the trunk when it floats 

in the water. Water hyacinths can live in both clean and dirty water, as long as the water is 

below 34 °C and the pH value is between 4 and 6, which is ideal for their growth. Although 

they are not resistant to salt water, they are resistant to drought. A water hyacinth consists about 

95% water, 89% leaf water, and 96.7% petioles [1]. The water hyacinth is a biennial freshwater 

plant that reproduces both sexually and asexually. It is an aquatic plant that grows quickly, 

doubling its covering area every 62 days or increasing the plant count from 10,000 to 600,000 

in just eight months [2]. Water hyacinths invaded the Tha Chin River in October 2020–May 

2021, weighing around 322,852 tons, or 20 tons/m2. From February to June, the water hyacinths 

develop at a fast rate [3]. The amount of water hyacinth blocking the water flow and hindering 

the weir's drainage caused a forty percent decrease in the water flow rate, which has an impact 

on the way the river is utilized for agriculture. Water hyacinth inhibits fish development by 

reducing the amount of light that can enter the water, which slows down plankton growth and 

causes fish to decrease in size [2].  
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A significant water basin in Thailand's central area is the Tha Chin River. Before 

flowing into the Gulf of Thailand, the Tha Chin River Basin is essential to life and the 

environment in general, including humans, agriculture, industry, fisheries, transportation, and 

consumption. The presence of industrial enterprises and highly populated areas along the lower 

Tha Chin River puts it at risk for water hyacinth invasion and resource degradation. 

Consequently, it must sustain the discharge of phosphorus, a crucial nutrient for plants, and 

nitrogen-contaminated municipal and industrial wastewaters into the river. Nitrogen enters the 

river as organic compounds, or ammonium, which are harmful to aquatic life. Additionally, 

nitrogen enters the river as nitrate, which causes eutrophication and accelerates the growth of 

aquatic weeds and water hyacinth. Due to the dense covering of water hyacinths on the water's 

surface, sunlight is blocked and atmospheric oxygen levels are decreased, resulting in 

wastewater [4]. Phosphorus entering into rivers, water hyacinth has degraded the environment 

for investments and the hospitality and tourism sectors; toxin-producing algae can kill many 

fish, marine mammals, birds, and humans by causing a severe oxygen shortage that causes in a 

fish kill; and it increases the cost of treating water to remove taste and odor during water supply 

production [5,6,7].  

Geographical technology is becoming increasingly significant in the areas of 

transportation and communication because it is advanced technology, expedient, and cost-

effectiveness. Surveying water hyacinth invasion requires the use of geographic information 

technology to support in mapping the distribution of water hyacinths and nutrients in the river. 

Therefore, this study used remote sensing technology to evaluate the relationship between 

nutritional elements and water hyacinth invasion in the lower Tha Chin River through surveys 

utilizing satellite photography from remote sensing employing historical data based on Landsat 

8 satellite images. 

2. Study area and Data

2.1 Study area 

The Tha Chin River Basin is located in the geographical middle of Thailand, to the east 

of the Chao Phraya River. Its boundaries are defined by latitudes 13° 10ʹ north to 15° 30̹ north 

and longitudes 98° 15ʹ east to 100° 10ʹ east. The basin's 13,477.16 km2 area is composed of up 

of 13 provinces: Bangkok, Kanchanaburi, Chainat, Nakhon Pathom, Nonthaburi, Ayutthaya, 

Ratchaburi, Samut Songkhram, Samut Sakon, Singburi, Suphanburi, Angthong, and Uthai 

Thani. The study was conducted in the lower Thachin River, measuring 82 kilometers from the 

river's estuary (TC01) to the Nakhon Chai Si District Office in Nakhon Pathom Province 

(TC13), at kilometer 0 of the Marine Department [8]. The study was conducted in the estuary 

of Tha Chin, Mueang District, Samut Sakhon Province, as shown in Figure 1. 
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Figure 1. Location of the study area. 

2.2 Nutrient data 

Water quality monitoring reports of the Tha Chin River by Regional Environmental 

Office 5 (Nakhon Pathom) and the website of the water quality database system by Regional 

Environmental Office 5 (Nakhon Pathom), whose water quality index is to be analyzed, serve 

as sources of the data collected on water quality from a total of 7 stations (TC01, TC04, TC07, 

TC09, TC10, TC11, TC13) in 2022. The four indices used in the analysis of the water quality 

index are total phosphorus, ammonia, nitrite, and nitrate, which are selected based on their 

nutrients that impact plant development and are established according to surface water quality 

standards. 

2.3 Satellite Image 

Selecting a time period and wavelengths for collecting image data in 2022 allowed the 

satellite images from Landsat 8 satellite image data at 30 meters to be processed for 

categorization in this study. Images were chosen from satellites during clear and cloudless 

atmospheric conditions. 
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3. Methods

3.1 Satellite Image Pre-Processing 

For the purpose of analyzing the water hyacinth cover in the lower Tha Chin River in 

2022, this study will examine secondary data, data including water quality data from Regional 

Environmental Office 5 (Nakhon Pathom), and spatial data from satellite images of Landsat 8 

at 30 m. Normalized Difference Vegetation Index (NDVI) and Inverse Kriging Interpolation 

techniques were used in the analysis of the data, utilizing geographic information systems, as 

presented in Figure 2 

Figure 2. The methodology utilized in this study to map the lower Tha Chin River and the relationship 

between nutrient and water hyacinth invasion. (Environmental Office 5) 

The atmospheric conditions and viewing angles of the photos taken at various times 

fluctuate. Using an algorithm from Landsat 8, the Dark Object Subtraction adjustment was 

applied to make these temporal images spectrally similar to one another. After completing the 

aforementioned procedures, create NDVI images were generated using the Landsat 8 images 

taken in 2022 using the following equation 1. 

NDVI =  
ρNIR−ρRED

ρNIR+ρRED
(1) 

In this case, ρ represents the surface reflectance values for the red (R) and near infrared (NIR) 

spectral bands. 

The Vegetation Index is a valuable tool for tracking changes in the amount of vegetation 

and the environmental conditions in the research region. It is calculated by taking the 

wavelengths associated with vegetation and assigning them a proportionality. The Normalized 

Difference Vegetation Index (NDVI), which is found by derived from the prevalent technique 

of determining the vegetation index, has a value between -1 and 1 for results interpretation, as 

indicated in Table 1. 
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Table 1. Appropriate ranges of the Normalized Difference Vegetation Index (NDVI) for the 

vegetation cover. 

NDVI value Vegetation class 

-1.00 – 0.00 No Vegetation 

0.01 – 0.30 Slightly density 

0.31 – 0.60 Moderately density 

0.61 – 1.00 Highly density 

4. Result and Discussion

4.1 Water hyacinth Classification 

In Table 1, the threshold values for each parameter were established. ArcGIS, the spatial 

analyst tool and the Reclassify tool were used to create the spatial maps. It was found that the 

areas with moderately density range are oceanic provinces (TC04 and TC07). These areas 

present intensive factories and agriculture which caused wastewater discharge as presented in 

Figure 3. Another factor of contributing is temperature in a tropical climate which 26.7°C is 

suitable for the growth of water hyacinth. Additionally, other conditions are accelerating the 

growth such as nutrients from wastewater sources in different places and the salinity of water 

sources. An excessive water hyacinth problem obstructs waterway traffic, causing small, man-

powered vessels to be unable to pass through, disrupting traffic. 

Figure 3. Map of invasion the water hyacinth in the Tha Chin River. 
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4.2   Nutrients parameter threshold 

In this examination of the water hyacinth invasion of the Tha Chin River during in 2022, 

four water quality parameters were assessed. Interpolated data on the spatiotemporal 

distribution of selected parameters is shown in Figure 4. 

Figure 4. Spatial variability of Ammonia (a), Nitrate (b), Nitrite (c), total phosphorus (d) Tha 

Chin River 2022 

Analyzing the relationship between water hyacinth categorization and nutritional 

parameters, it was discovered that Figure 4 (a, c) and the region between TC07 and TC04 which 

are shown in the findings (Figure 3) are associated; it is a crucial nutrient for the river's water 

hyacinth development. Phosphorus can reach the river by runoff from agricultural and industrial 

areas as dissolved or particulate matter. Waves and wind have the ability to reanimate and 

dissolve the particle form. Wind and waves have the ability to re-suspend and re-solve the 
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particle form [9]. This might be the result of the basin's heavy use of ammonia fertilizer, which 

is then transported to the river by subbasin runoff. 

The areas where high-water hyacinth coverage was the areas with high nutrient 

concentrations. It was also found that there were similar variations. Therefore, this reaffirmed 

time for the eradication of water hyacinth in water sources. Which can predict the trend of full 

water hyacinth coverage in water sources. 

5. Conclusions

Nutrients as ammonia, nitrite, nitrate and phosphorus were the main factors for the 

relationship between nutritional components and water hyacinth invasion in the lower Tha Chin 

River. The results show that the area of high-water hyacinth coverage presented in the area of 

high nutrients concentrations. The capturing during period of time could be used for the 

planning of the eradication of water hyacinth. The controls of nutrients from sources and non-

points sources are also very important for the control of water hyacinth invasion.
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Abstract 

Natural, environmental and health conservation have recently been a driving trend in 

using natural materials for foodware, such as teak and banana leaves, instead of plastic and 

foams. But cup forming machine is generally expensive primarily because of mold price. This 

research therefore proposes a design for cup forming machine made of natural leaves, and on 

that basis, predicts useful lifetime of the associated low-cost molds. The design of the machine 

that has the capacity to form foodware by using natural leaves with diameter of 200 mm, will 

have the depth of 450 mm. From the experiment, it is found that the optimal factor conditions 

for the forming process can be achieved by using heat at 120C for 150 seconds. In this setting, 

the average cost of each banana-leaf cup is estimated at 0.35 Baht, starch water weighing 10 

grams (g), where estimate of cost recovery is 52 days. If applying static finite element analysis 

(FEA) by using mold made of stainless steels (SUS 304) weighing 360 g, fatigue damage based 

on thermodynamic calculation (by using software ANSYS in the prediction of fatigue life 

cycles) shows that it requires forces of 10-kN in order to form cups at 120C. On this premise, 

there will be residual stress at the maximum level of 284 MPa on each side of the holes at the 

bottom of the cup, but also residual heat in the process at the maximum temperature of 84.58C. 

The fatigue life prediction of the mold is estimated at 36 million cycles. 

Keywords: Cup-formation machine; Natural-leaf cups; Fatigue life; Thermal fatigue 

1. Introduction

Natural, environmental and health conservation plays an important role in today’s life,

particularly from perspective of foodware and related behavioral choices [1]. That said, choices 

of foodware based on natural materials has become more prevalent in local markets, especially 

as substitutes of plastic and foam materials, which have consequences in terms of health and 

well-being [2]. But across Andaman provinces in Thailand such as Phuket, Krabi, Ranong, 

Phang-Nga, and Trang, there exist natural alternatives such as vattayila, teak, and palm, but 

also almond and banana leaves that can be used as raw materials for foodware products. Such 

idea has indeed been widely adopted across local and regional communities  considering an 

attractive lower-cost position that also reinforces sustainability narrative [3], especially as 

alternative choices for plates, cups, and bowls that all can practically be manufactured in a one-

step (forming) approach [4]. However, compression molding machine is generally expensive, 

with price estimate of not less than 80,000 Baht each [5], primarily because of the molding and 

heating coils that are generally considered as critically important for the machine. 

Furthermore, it is necessary to find a new design approach that fulfills engineering 

prerequisite while also making economic sense, for example, by using molds and SUS 304 

stainless steels. For this purpose, computer-aided design (CAD) has been adopted, primarily by 
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using finite element analysis (FEA) [6] and simulation software ANSYS work bench [7], where 

the latter has been applied to the prediction of useful lifetime, especially for the components 

that are consistently exposed to heat, therefore most vulnerable over a long run [8]. Indeed, this 

study is dedicated not just to the engineering but also to the economics, such as in the sense of 

cost and cost recovery with the analysis that helps address such baseline [9]. Implications on 

the premise of the latter are wide-ranging, particularly from perspective of continual 

improvement process with capability and capacity to innovate on the grassroots level, but also 

in application of low-cost technologies that render attractive cost position both in terms of 

capital expenditure and operational costs. The latter is unequivocally an emphasis of such 

design, considering advanced capability on the premise of predictive maintenance but also total 

preventive maintenance system (TPM) that altogether makes sense of sustainable development 

in one joint narrative [10]. 

2. The objectives of this research

In order to design cup-forming machine and to predict associated useful lifetime of low-

cost molds. 

Table 1 The material properties for SUS 304 stainless steel base and weld material [6]. 

T 

(C) 

Cp 

(Jkg-1, C) 

 

(Wm-1, 

C) 

E 

(1011 

Pa) 

 y base

(MPa)

y weld 

(MPa) 

ET/E α 

(10-6

C-1) 

20 442 15.0 2.0 0.278 230 460 0.014 19 

200 515 17.5 1.85 0.288 184 367 0.014 19 

400 563 20.0 1.70 0.298 132 264 0.014 19 

600 581 22.5 1.53 0.313 105 209 0.014 19 

800 609 25.5 1.35 0.327 77 154 0.014 19 

1000 631 28.3 0.96 0.342 50 50 110-4 19 

1200 654 31.1 0.50 0.350 10 10 110-4 19 

1340 669 33.1 0.10 0.351 10 10 110-4 19 

1390 675 66.2 0.10 0.353 10 10 110-4 19 

2000 675 66.2 0.10 0.357 10 10 110-4 19 

T = temperature;  = Poisson’s constant; Cp= specific heat; y = yield stress; = conductivity; ET = hardening 

modulus; E = elastic modulus; α = mean coefficient of linear thermal expansion 

3. Materials

A 35-kg machine for forming low-cost leaf-made cups is designed with dimensions

460×646×1,100 mm (width, length, height), as depicted in figure 5A. The model is made of 

SUS 304 stainless steel, consisting of three components for the upper mold, and five for the 

bottom one. Both molds are connected by one M12-screw according to the sketch in figure 5C. 

The critical part of the design applies static FEA particularly to the bottom mold, while 

assuming that there is downward stress (von Mises) of 10 kN to the mold with the assumption 

of residual stress at the maximal level of 206 MPa and safety factor at 15. The design further 

applies Taguchi Orthogonal Array L93
3 in order to optimize signal-to-noise ratio by using 

MiniTab program. On this premise, it is found that the most appropriate pressuring timeframe 

is 150 s at 120C, where the best quality can be achieved by using 10 g tapioca starch. The 

based on this design calculation, the best banana-leaf quality will cost 0.35 Baht/leaf, and the 
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breakeven point can be achieved within 52 production-days, if assuming achievable production 

throughput at 24 leaves/hour [11]. 

4. Experiments

The fatigue-based analysis of material SUS 304 (see figure 1) exhibits the characteristics in

terms of signal-to-noise ratio (S-N curve), where each component in the structure is affected by 

the applied load continuously and in cyclical manner.  Even though the magnitude of exerted 

forces is less than the maximal tolerance level, the cumulative level of strain, called fatigue, 

generally cause over 80-90% of damage. In fact, fatigue consists of two stages, where it 

generally starts when intensity of strain causes crack initiation. If the situation persists, the 

cumulative impact of fatigue will cause crack propagation. In general, strength of fatigue will 

determine stress at one million cycles (1,000,000) as boundary condition that in turn defines 

the maximal number of time that forces that can still be applied without causing damages: 

Nf = Ni + Np (1) 

Where; 

Nf  = The number of time under fatigue test. 

Ni  = The number of time that will cause crack initiation. 

Np = The number of times that will extend crack until the material is completely 

cracked. 

Fig. 1 The graph depicting residual stress of SUS 304 stainless steel [12]. 

 

 

 

Fig. 2 The procedure for the analysis by using software ANSYS [13]. 

Physical problem 

FEA ANSYS program (Generate nodes, elements, boundary conditions, 

material properties, loads, and data file) 

FEA ANSYS program (Generate elements matrices, compute nodal 

values, derivatives, and store results) 

Analyze results (Display curves, counters, deformed shapes) 

Preprocessor 

Solution 

Postprocessor 

619



The 33rd Thai Institute of Chemical Engineering and Applied Chemistry 
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,

March 7-8, 2024 

By using software ANSYS for FEA, the following steps must be fulfilled: 1) determining 

type of the analysis, 2) constructing the model, 3) defining types of elements, 4) locating the 

geometry to nodes and elements, 5) determining material properties and boundary conditions, 

6) determining bolted connections and corresponding equations, 7) integration of elements, 8)

correction parameters that cannot be allocated to nodes, and 9) interpretation of FEA by using

software in three steps: pre-processing, problem-solving/solution-finding, and post-processing.

In figure 3, there are four modules: “Transient thermal A” that requires property inputs and

heat, “Transient thermal B” for determining cooling-down process, “Static structural C” for the

analysis of residual stress, and “Static structural D” for fatigue analysis. After that, choose

graphical representation of the Gerber mean stress correction for stress fatigue life analysis.

Fig. 3 ANSYS Work Bench schematic for solving for thermo-mechanical fatigue. 

In principle, frequency (per time unit) will generally have less impact than effect of the 

(cumulative) number of times that the force has already been applied. This is an important 

premise of why the parameter “number of times” that the stress has been applied, plays a more 

important role than the stress/sec.  That is, there will be another parameter call mean stress (m) 

that is defined as average size of the magnitude, regardless of how often such force has been/will 

be applied. In this sense, the definition of alternating stress shall play a critically important role, 

particularly with focus on the positioning of each specific stress parameter, that is, type 1 for 

distance and symmetry of stress being zero, type 2 for distance and symmetry of stress as non-

zero, and type 3 for the case of fluctuating random strain. 

4.1. Variables applied in the test 

The frequency is the number of rounds in the test per time unit, where hertz (Hz) is 

primarily used. The greater the value, the sooner the crack will occur. Stress amplitude is the 

amount of load applied to the test subject, which could imply either stress or strain that can be 

defined as [14];  

Stress Magnitude (σa) =
𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠(σmax)−𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠 (σmin)

2
(2) 

Mean stress is an average value of the load exerted to the test material, which can be 

calculated as follows: 

Mean Stress (σm) =
𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠 (σmax)−𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠 (σmin)

2
(3) 

Description of load supply is characterization of the load, exerted to the test material, 

which is, in this case, tensile strength that can be calculated on the premise of: Stress ratio ; 

R =
σmin

σmax
and Amplitude ratio ; A =

σa

σm
. 
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Fig. 4 Types of force frequency originated from fatigue [14]. 

4.2. Phenomenon of heat radiation 

 This experiment applies heating techniques by using electromagnetic induction coil, which 

is a method that can be applied to transfer heat from radiation. In this specific context, heat 

radiation refers to a process to which materials radiate electromagnetic energy that can absorb 

and transfer heat to other objects of similar types, all in the same heat transfer process. Mode 

of transfer as such will not require any specific medium, where net amount of heat radiation 

can be calculated by using Stefan Boltzmann’s equation [15]; 

q = εσA1F12(T1
4 − T2

4) (4) 

where q is the rate of heat transfer,  being that of radiation from real objects, where the 

number shall lie between 0 and 1, and  is Stefan Boltzmann’s constant, which is approximately 

5.67×10-8 W/m2.K2, A1 being the area of radiation surface 1 and F12 typological coefficients 

between radiation surface 1 and 2 T1 absolute temperature on surface 1 and T2 that of surface 2. 

4.3. Heat convection 

Heat convection is defined as heat exchange as a result of temperature differences between 

surfaces of the solid and liquid materials. In this experiment, heat convection with water is 

considered as one applicable method, where such method in general can be explained by using 

Newton’s convective heat transfer [15]; 

q" = h(TS − TB) (5) 

where h is coefficient of convective heat transfer that transfers heat from temperature 

TS from the surface of a solid material to the surrounding liquid counterpart at temperature TB. 

In this context, the most important caveat of the aforementioned fatigue process, is the point at 

which fatigue kicks in, where in most cases such will depend on the geometry and the micro 

structure of the material, but also the type of stress being addressed by the analysis. That said, 

it is considered normal if the fracture starts at the highest point of the material geometry, 

whereas, on the other hand, the age of the fracture generally referrable to the point to which the 

lowest point of the fatigue takes place. 

a 

b 

c 
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4.4. Mathematics thermodynamic fatigue 

A great number of industrial composites are designed to work under a significant number 

of mechanical loads and heat, and thereby affecting the overall durability and lifetime. Such is 

indeed a major cause of failure, where forecast of such events with good precision will depend 

much on the methodology of how to respond to mechanical loads and heat with precision. To 

that end, the method to achieve high precision and seamless outcome as proposed by ANSYS 

therefore addresses the aforementioned challenge caused by thermodynamic fatigue by 

considering multiple inherent physical properties of the materials [7]. 

Fig. 5 The molding machine for low-cost cups. 

 

Fig. 6 (A) The foodware made of banana and (B) The teak leaves. 

5. The FEA Model

The design of the machine with objectives to form low-cost foodware made of natural leaves

has been proposed with the following technical specification. A 35-kg machine has been 

successfully constructed, with the dimension of 460×646×1,110 mm, where the mold was built 

from SUS 304 stainless steel. The bottom mold weighs 360 g, with diameter of 160 mm, 3 mm-

thickness and specific gravity at 8 g/cm2. According to figure 5, the total surface can be 

measured at 60,443 mm2 with volume of 44,888 mm2, where the resulting leaf-made foodware 

has the diameter of 200 mm with 45 mm depth as shown in figure 6 [11]. In the design and 

modeling process, FEA method was applied, specifically by using ANSYS software in the 

simulation process by using parameter compressive-compression with applied stress. 

Furthermore, load ratio R = -1 was applied, (see at figure 4b) where frequency of actual 

implementation was set at 3 minutes (with additional preparation at 3 minutes), and thereby 

exerting force of 10 kN at the support point, which is on the inner surface right in the middle of 

the foodware. Furthermore, static analysis with average grain size of the element was set at 3 

mm, by using 3D Tetrahedral model with 111,078 nodes and 61,259 elements, where (von 

Mises) stress were exerted to the inner surface of cups with fixed plane at the bottom. In the 

experimental was used material properties at temperature 27°C such as Density=7.9 kg/dm3, 

Young’s Modulus (E)=200 GPa, Poisson’s coefficient ()=0.278, Melting temperature=1,450 °C, 

Specific heat=442 J/kg.K, Thermal conductivity=15 W/m.K and the other properties on the 

A B C 

A B 
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temperature range used in table 1. As a result, the maximum level of residual stress can be 

measured at 284 MPa from the side plane of the hold at the bottom of the cup according to 

figure 8, which indicates that the design can withstand loads at the anticipated level without 

falling apart. The designed mold can therefore be used in real-world setting, with advantages 

in terms of functionality, price attractiveness, and ease in handling. Furthermore, the modular 

design also helps facilitate self-maintenance, as long as heat applied in the forming process is 

set at 120C or equivalent to 397 W/m2 [16] which implies residual heat at the maximum 

temperature of 84.58C and thereby substantiating predictive useful lifetime at 36 million 

cycles, according to figure 7. 

Fig. 7 The FEA of the mold design. 

6. Conclusion

Development of low-cost foodware made of natural leaves has been proposed with focus

on the design of a stainless-steel mold comprising 2 pieces of 360 g with 60,443 mm2 surface 

area in total, which has been particularly optimized in order to achieve efficiency toward 

maximum useful lifetime. The FEA lies at heart of the aforementioned proposition, primarily 

by using predictive algorithm in the static analysis of the mold in the lower part (i.e., by 

optimizing useful lifetime on thermomechanical premise of the cumulative fatigue). In this 

setting (simulated by software program ANSYS), it was found that if applying 10-kN force, the 

maximum level of residual stress in the operational range would be 284 MPa (measurable from 

the side plane of the hold at the bottom of the cup), where value of such parameter at breakdown 

point was estimated at 540 MPa. Such is the main criteria in defining optimal operational zone 

that makes sense of functionality, affordability, and operability, simultaneously. On this 

premise, it should be emphasized that the mold is easily exchangeable therefore suitable for 

self-maintenance. In order to achieve that objective, however, the operational temperature 

should be targeted at 120C as key premise (i.e., maximal residual heat at 84.58C) of predictive 

useful lifetime at 36 million cycles. However, any operations beyond the targeted fatigue level 

should not exceed 1 million cycles in cumulative terms, if to win longevity perspective over the 

long run. It's similar to the type 304 TP line in the graph as shown in figure 1. 
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Abstract 

The aim of this research was to study the composition of mixed refrigerants, specifically 

R32/R290, R32/1270, R134a/R290, and R134a/R1270, their impact on the coefficient of 

performance (COP) and global warming potential (GWP) of refrigerants. The objective was to 

improve the efficiency of refrigerants for industrial applications by achieving high COP and 

appropriate GWP. To achieve this goal, we used Aspen Plus to predict the properties of 

blending refrigerants. We then used the obtained data in the NIST refrigeration system 

simulation program (Cycle_D-HX), which showed that the type of mixed refrigerant, 

composition, and behavior of the refrigerant in an azeotropic mixture affected the COP 

significantly. The wide phase difference reduced the COP significantly. Moreover, the 

composition affected the GWP. The composition of hydrocarbon in blending refrigerants that 

met the Montreal Protocol Standard were 0.8, 0.8, 0.9 and 0.9 for R32/R290, R32/1270, 

R134a/R290, and R134a/R1270, respectively. 

Keywords: Binary refrigerant mixtures, Azeotropic, Coefficient of performance (COP) 

1. Introduction

Nowadays, the electricity consumption of the refrigeration and air conditioning

technologies estimated to be 50% in Thailand, without effective intervention, the growing 

energy demand will be double by 2030 [1]. It led to the development of refrigeration technology 

and through the negotiations under the Montreal Protocol on Substances that Deplete the Ozone 

Layer and limiting of GWP at 150, there has been research on new alternative refrigerant with 

zero (or very low) ODP (Ozone Depletion Potential), low GWP (Global Warming Potential) 

and high energy efficiency [2,3]. The hydrocarbon (HC) refrigerants are a group of refrigerants 

with very low GWP, but they have flammability properties, which limits their use [4]. 

Coulbourne and Espersen [5] conducted a quantitative risk assessment, finding ignition 

frequencies for ice cream cabinets using R290 ranged from 2 × 10˗13 to approximately 1 × 10˗8 

per year, contrasting with the standard household refrigerator fire frequency of 1 × 10-5 per 

year. This demonstrates that the possibility of explosions or fires is minimal, and the utilization 

is feasible with the assurance of safe handling of HC refrigerants, achievable by implementing 

rules, regulations, and standards to minimize charges and adopt passive and active safety 

measures [4]. 

This research aims to investigate the blending ratios of hydrofluorocarbon (HFC) 

refrigerants with high GWP but high cooling efficiency, such as R32 and R134a, with HC 

refrigerants, which have low GWP, such as R290 and R1270 to create alternative refrigerants 

with low Ozone Depletion Potential (ODP) and Global Warming Potential (GWP), as well as 
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high Coefficient of Performance (COP) through simulation. The results obtained from the 

simulation will be compared to experimental data using the R410a air-conditioning system. 

Table 1. Properties of refrigerants [6]. 

Refrigerant R-134A R-32 R-290 R-134A

Name 
1,1,1,2-

Tetrafluoroethane 

Difluoro

methane 
Propane Propylene 

Formular CH2FCF3 CH2F2 C3H8 C3H6 

GWP 1430 675 3 2 

ODP 0 0 0 0 

Latent heat (J/mol) 218.97 387.07 425.07 438.66 

Boiling point (°C) -26.55 -51.60 -42.10 -47.60

Critical temperature (°C) 101.15 78.45 96.68 92.42

Critical pressure (bar) 40.64 57.54 42.47 46.65

Close flash temperature (°C) 24.98 -98.28 -96.11 -98.19

Flash temperature (°C) -84.40 - - 165

Auto ignition temperature (°C) - - 449.85 455

Safety Group A1 A2 A3 A3

2. Materials and Methods

2.1. Vapor Compression System [7] 

The vapor compression system is the most widely used system for refrigerators, air 

conditioning and heat pump system consist of four processes: 1) Isentropic compression 

process, 2) Condensation process, 3) Expansion process at constant enthalpy, and 4) 

Evaporation process. 

2.1.1. Coefficient of performance (COP) 

The coefficient of performance is a measure that indicates the efficiency of heat transfer 

compared to the amount of electrical energy consumed. 

𝐶𝑂𝑃 =
𝑄𝐿

𝑊𝑐𝑜𝑚𝑝,𝑖𝑛
  (1) 

Where 𝐶𝑂𝑃 is the coefficient of performance of the vapor compression refrigeration system. 

𝑄𝐿 is the heat absorption capacity of the refrigerant (kJ/kg). 𝑊𝑐𝑜𝑚𝑝,𝑖𝑛 is the energy input into 

the compressor (kJ/kg). 

2.1.2. Compressor 

The compression device compresses the refrigerant gas from a low-pressure state to a higher-

pressure state. The isentropic compression process is described by the following equation: 

𝑊𝑐𝑜𝑚𝑝,𝑖𝑛 =
𝑘𝑅(𝑇2−𝑇1)

𝑘−1
=

𝑘𝑅𝑇1

𝑘−1
[(

𝑃2

𝑃1
)

𝑘−1

𝑘
− 1]   (2) 
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Where k is the ratio of specific heat at constant pressure to specific heat at constant volume. R 

is the gas constant (kJ/kg·K). T1, T2 are the temperatures of the refrigerant entering and leaving 

the compressor (K). P1, P2 are the pressures of the refrigerant entering and leaving the 

compressor (bar). 

2.1.3. Condenser 

The condenser, or heat exchanger, works by converting the refrigerant from a high-pressure, 

high-temperature gas state to a condensed liquid state by releasing heat from the refrigerant. 

The equation describing this process is as following equation: 

𝑄̇𝐻 = 𝑚̇(ℎ2 − ℎ3) (3) 

Where 𝑄̇𝐻 is the rate of heat release from the refrigerant (kJ/s). 𝑚̇ is the mass flow rate of the 

refrigerant (kg/s). h2 is the specific enthalpy at saturated vapor state (kJ/kg). h3 is the specific 

enthalpy at the saturated liquid state (kJ/kg). 

2.1.4. Throttling valve 

This is a type of pressure-reducing device that reduces pressure without requiring any work 

input. During the process, it is controlled by a property known as the 'Joule-Thomson 

coefficient,' which ensures that the enthalpy remain constant, as following equation: 

ℎ4 ≅ ℎ3 (𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑖𝑛𝑔)   (4) 

Where h4 is the specific enthalpy of the refrigerant exiting the throttling valve (kJ/kg). 

2.1.5. Evaporator 

The function of evaporator is to absorb heat from areas requiring cooling, causing the 

refrigerant to change from liquid to vapor. The heat absorption capacity varies among different 

refrigerants based on their latent heat during vaporization., resulting in a decrease in 

temperature, as illustrated by the equation: 

𝑄̇𝐿 = 𝑚̇(ℎ1 − ℎ4) (5) 

Where 𝑄̇𝐿 is the rate of heat absorption by the refrigerant (kJ/s). h1 is the specific enthalpy of 

the refrigerant at saturated vapor state (kJ/kg). 

2.2. Research Methodology 

To align with the objectives of this study, the research is divided into two main parts: 

1.Investigation of the properties of new refrigerants developed through continuous research and

development by blending refrigerants together.

2.Evaluation of the performance of vapor compression refrigeration systems when using

blended refrigerants.
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3. Results and Discussion

3.1. The characteristics of the blended refrigerants 
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Fig. 3 P-xy diagram of: (a) R32/R290, (b) R32/R1270, (c) R134A/R290 and (d) 

R134A/R1270 

Iten simulating these blended refrigerants in the vapor compression refrigeration system, 

it is possible to analyze the following results. 
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(c)   (d) 

Fig. 4 Variation of COP with changing proportions of: (a) R32/R290, (b) R32/R1270, (c) 

R134A/R290 and (d) R134A/R1270 

3.2. The blended refrigerant of R32/R290 

When the proportion of the blended refrigerant changes, it is found that the COP of the 

refrigeration system decreases as the proportion of R290 increases, as shown in Fig. 4a.,
reaching a maximum decrease at a mass ratio of R290 around 0.7-0.75. However, the COP 

increases as the mass ratio of R290 reaches 0.8 and beyond. Comparing this with the phase 

diagram of R32/R290, it is observed that as the distance between phases increases, resulting in 

a significant decrease in COP. 

3.3. The blended refrigerant of R32/R1270 

It is found that although the blends refrigerant R32/R1270 and R32/R290 have similar 

phase diagrams, there are differences in the effect of mass ratio on the COP between them, as 

shown in Fig. 4b. It can be observed that the COP of the system decreases when the proportion

of the R1270 increases until the proportion reaches 0.7-0.75 by mass, and the COP increases 

when the proportion reaches 0.8 by mass of R1270 and beyond.  

3.4. The blended refrigerant of R134A/R290 

When considering Fig. 4c, it can be observed that the COP decreases as the mass proportion 

of R290 increases up to 0.1. However, the COP trend increases starting from the proportion of 

0.1. Comparing with the phase diagram, it is found that at the same proportion, the COP 

decreases significantly as the distance between phases increases. 

3.5. The blended refrigerant of R134A/R1270 

When considering Fig. 4d, it can be observed that it has similar characteristics to the 

R134a/R290 pair. Initially, when the mixing ratio of R1270 is at 0.1, the COP is at its lowest. 

As the proportion of R1270 increases, the COP increases. Compared with the phase diagram, 

it exhibits similar behavior to the R134a/R290 refrigerant mixture. 
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3.6. Comparing blended refrigerant 

From Fig. 5, which compares the four types of mixed refrigerants R32/R290, R32/R1270, 

R134a/R290, and R134a/R1270, it can be observed that the type of refrigerant, the mixing ratio, 

and the behavior between phases of the mixed refrigerants affect the COP in the system. If the 

difference in phase range between the refrigerants is wide, it will result in a decrease of COP. 

Specifically, R32/R290 refrigerant shows a clearer trend of COP reduction compared to other 

types. This is because R32/R290 refrigerant has a wider phase difference range, leading to 

significant changes in COP. On the other hand, R32/R1270 refrigerant shows only slight 

changes in COP. As for R134a/R290 and R134a/R1270 refrigerants, they exhibit similar 

behavior with narrow phase difference ranges and wide ranges of azeotropic behavior. 

Consequently, when the mixing ratio of refrigerants changes, they can maintain the azeotropic 

state effectively. 

Fig. 5 The effect of mixing ratio of hydrocarbon of mixed refrigerants to COP 

Furthermore, when comparing the mixing ratios of mixed refrigerants with the GWP 

values, as shown in Fig. 6, it is found that the mass ratios of hydrocarbons providing GWP 

values according to the criteria of the Montreal Protocol agreement for mixed refrigerants 

R32/R290, R32/R1270, R134a/R290, and R134a/R1270 are 0.8, 0.8, 0.9, and 0.9, 

respectively. 

Fig. 6 The effect of mixing ratios of hydrocarbon of mixed refrigerants to GWP 

3.7. The study and comparison of vapor compression refrigeration systems from 

modeling and experimental using R410A refrigerant. 

From the study of the vapor compression refrigeration system based on experimental tests 

using R410A refrigerant, it was found that the operating time of the refrigeration system 

significantly affects the COP. As shown in Fig. 7, it is observed that from 12:00 AM to 6:00 
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AM, the COP remains constant at around 3.61. However, from 7:00 AM to 1:00 PM, the COP 

decreases with a minimum value of 2.96. Subsequently, from 2:00 PM to 12:00 AM, the COP 

tends to approach the value of 3.61. 

 
Fig. 7: Variation of COP over Time 

And from the comparison of the refrigeration system using R410A refrigerant 

(R32/R125; 50/50) between the model and the experiment, as shown in Fig. 8, it is found that 

the COP from the model is 3.67, while from the experiment, during nighttime, the COP is at 

3.61, resulting in a percentage difference of 0.11%. During daytime, the COP is at 2.96, 

resulting in a percentage difference of 18.24%. 

Fig. 8 Comparison of COP using R410A refrigerant between model and experiment. 

4. Conclusion

The type of refrigerant blend, the blending ratio, and the zeotropic behavior of the

refrigerant affect the COP. When the difference between phases is high, it significantly reduces 

the COP. Additionally, the blending ratio also affects the GWP. The blending ratios of 

hydrocarbon refrigerant blends that meet the standards of the Montreal Protocol at 150 for pairs 

like R32/R290, R32/1270, R134a/R290, and R134a/R1270 are 0.8, 0.8, 0.9, and 0.9, 

respectively. Even though azeotropic behavior does not significantly affect COP, using 

refrigerants with azeotropic properties ensures that if a leak occurs from the system, it does not 

change the composition of the remaining refrigerant. 

From the study and comparison of the compression refrigeration system using R410A 

refrigerant between the model and experimental results, it was found that the results obtained 

from the simulation closely to the experiment during nighttime with a COP difference of 0.11%, 

whereas during daytime, the difference of COP rise to 18.24%. This suggests that the operating 

time significantly affects the COP value, especially considering Thailand is a tropical country, 

which leads to high temperatures during the daytime. This makes it difficult for refrigerants to 

condense efficiently, resulting in a decrease in COP from its normal state. 
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Based on the information provided, it is evident that R134a/R1270, with a mass ratio of 

R1270 at 0.9, is suitable for use due to its high COP and wide range of azeotropic behavior, 

which maintains azeotropic properties even when the composition changes. Additionally, it 

meets the Montreal Protocol standards with a limiting GWP value of 150. Furthermore,

considering the operating time of refrigerant cycle and geographical factors affecting COP, 

system designs should take these factors into account. Hence, when designing refrigeration 

systems, the COP value should be at least 20% higher than the operational requirements in 

Thailand.
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Abstract 

Activated carbon derived from bagasse ash (BC) was investigated for the adsorption efficiency 

and behaviour of two industrial dyes compared with commercial activated carbon (AC). 

Methylene blue (MB) and Congo red (CR) were varied in concentration in the range of 25 to 

100 ppm and adsorption time from 0 to 80 min. Their adsorption mechanisms were analysed 

using four adsorption isotherms: Langmuir, Freundlich, Dubinin, and Temkin. The results 

showed that the adsorption behaviour fit with the Langmuir model, which proved that the BC 

surface had a monolayer adsorbate addict. The calculated parameters, maximum adsorption 

(qm) of MB and CR, were 526.32 mg/g and 82.64 mg/g, respectively, due to the smaller 

molecule of MB influencing the mass transfer rate into the porous structure higher than CR. 

The results of thermodynamic adsorption revealed chemical adsorption behaviour for two 

reasons: the standard enthalpy (ΔH) calculated from the Van't Hoff equation was positive and 

higher than 50 kJ/mol. The differential Gibb's energy (ΔG) and standard entropy (ΔS) 

confirmed that both industrial dyes adsorption by BC are spontaneous processes or forward 

reaction. 

Keywords: Bagasse ash; Activated Carbon; Adsorption; Methylene blue; Congo red. 
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1. Introduction

In the steam production process of a sugar plant, a sugar cane is often used as a co-fuel to 

heat the boiler, which results in a large amount of Bagasse Ash (BA). Normally, the BA is a 1-

2 mm. particle with a composition of ash and carbon, so it often becomes a waste material that 

always requires removal as excrement. Based on data from the Saraburi sugar company, every 

year there are more than 10 tons of BA from steam processes. In the past, it was only removed 

by landfill method, therefore BA was tried to convert to the value material. It was separated 

pure carbon from ash and activated via the steam activation and finally we got the highly porous 

carbon material called Bagasse activated carbon (BC). The analysis results showed that BC 

contained a high surface area of 1,400 m2/g, which is qualify the standard of the industrial 

activated carbon. Previously, several research have reported the crucial of bagasse ash usages. 

(Srivastava et al., 2006) has developed an adsorbent from bagasse fly ash for phenol removal 

or (Lataye et al., 2006) experimented the adsorption of Pyridine (Py) by activated carbon from 

bagasse fly ash, which showed the removal efficiency up to 99%. Bagasse fly ash (FA), a 

byproduct of the sugar industry, was transformed to an adsorbent via hydrothermal 

carbonization and activation for NH3 adsorption. The experimental results show that FA mixed 

with bamboo hydrochar has an NH3 adsorption capacity of 1.02 mg-NH3/g-adsorbent, which is 

approximately 55% of that of the commercial adsorbent. It was also used in CO2 

removal applications, with an adsorption capability of 0.28 mmol-CO2/g (Ketwong et al., 

2023). From that information, the application of BC is the challenge of sugar industries which 

are two benefits as the removal of combustion waste and recycling of waste into the value 

material for adsorption process. In this study, BC from previous research is experimented the 

removal efficiency of industrial dye including methylene blue and Congo red, which have 

different structural sizes and electrical properties. The experiment is carried out by batch reactor 

system under the constant temperature to enhance the several adsorption isotherms such as 

Langmuir, Freundlich, Temkin and Dubinin. Moreover, thermal adsorption is studied for 

explanation of thermodynamics adsorption via the Van't Hoff equation.   

2. Materials and Methods

Bagasse activated carbon (BC) derived from KOH activation comprised of surface area 

1,410.62 m2/g, pore volume 0.89 cm3/g and pore diameter 2.51 nm, was studied the adsorption 

behavior with two types of industrial dyes (Fig.1A). The cation dye is Methylene blue (MB, 

C16H18N3ClS) which has 664 nm wavelength absorbance and anion dye; Congo red (CR, 

C32H22N6Na2O6S2) which has 497 nm wavelength absorbance (Khan et al., 2022). The initial 

dye solution was varied as 25, 50, 75, 100 ppm. 1 g of BC was filled in 100 ml vessel of dye 

solution, stirred 50 rpm under the room temperature and the equilibrium adsorption time 80 

min as shown in Fig. 1B. After that, BC was separated from solution and the amount of dye 

remaining in solution was analyzed by using UV-Vis Spectrophotometer. The amount of dye 

was calculated for plotting the four types of adsorption isotherms for identifying the adsorption 

behavior between BC and dyes. Each isotherm showed a different hypothesis (Dada et al., 2012) 

as follows in Eq.1-6. 

Langmuir isotherm: It refers to the monolayer adsorption with no interaction between adsorbates. 

Ce

qe
=

Ce

qm
+

1

(KL∙ qmax)
(1) 
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Where Ce is equilibrium concentration (g/ml), qe is equilibrium amount of adsorbed (mg/g), 

qm is maximum amount of adsorbed (mg/g) and KL is Langmuir constant (L/mg) 

Freundlich isotherm: It refers to the adsorption on heterogeneous surface with un-constant energy site. 

logqe   =  
1

n
∙ log Ce  + log KF (2) 

Where Ce is equilibrium concentration (g/ml), qe is equilibrium amount of adsorbed (mg/g), 

1/n is adsortption affinity and KF is Freundlich constant. 

Temkin isotherm: It refers to adsorption energy from absorbent-absorbate interaction or 

chemical adsorption. 

q
e
= 

RT

B
lnKT  +  

RT

B
lnCe (3) 

Where qe is equilibrium amount of adsorbed (mg/g), B heat of adsorption (kJ/mol), KT is 

Temkin constant (L/g), R is gas constant (8.314 J/mol K) and T is adsorption temperature (K).   

Dubinin-Radushkevich (D-R) isotherm: It refers to adsorption energy via micropore surface. 

ln q
e

=  ln KD -  Bε2 (4) 

Where qe is equilibrium amount of adsorbed (mg/g), KD is Dubinin constant (L/g), B is slope 

and  is adsorption potential which is from,    

ε =RT ln (1+
1

Ce
) (5) 

Where R is gas constant (8.314 J/mol K) and T is adsorption temperature (K). This equation 

also purpose the estimation of adsorption energy as follows,     

E =
1

(2B)
1

2⁄
 (6) 

Where E is the adsorption energy on the micropore surface (kJ/mol). 

Additional, 100 ppm of dye solution was adsorbed by BC under the different temperature as 

30, 35, 40 and 45C for analysis of thermodynamics phenomena of the adsorption using Van't 

Hoff equation as shown in Eq.7-8.   

∆G° = −RTlnKd (7) 

lnKd= 
∆S°

R
−

∆H°

RT
(8) 

Where  ∆G°  is Gibb’s free energy (kJ/mol), ∆S°  is entropy (kJ/mol.K), ∆H°  is enthalpy 

(kJ/mol), R is gas constant (8.314 J/mol K) and T is temperature (K).   
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Fig.1. (A) BC (B) Congo red and Methylene blue adsorption experiment. 

3. Results and Discussion

Both industrial dyes were adsorption until equilibrium state by using BC. The results

confirmed that the adsorption time reached equilibrium when was longer than 60 minutes, 

however this study extended to 80 min. for certainly equilibrium condition as shown in Fig.2. 

Under the equilibrium condition, the average removal percentage (%) of dyes were estimated 

in the range of concentration 25-100 ppm. The results showed that Congo red was removed as 

42.30 %, whereas methylene blue was 96.14 %.  

Fig.2. Equilibrium adsorption (A) Congo red (B) Methylene blue 

The amount of adsorbed dye was measured by using UV-Vis spectrometer and calibrating 

with the standard data. The results were estimated the parameters for plotting adsorption 

isotherm. The parameters obtained from the curves were tabulated and showed in Table 1.  

Table 1. Isotherm parameters from dyes adsorption by BC 

Isotherm model Parameters 
Adsorbates 

Congo red (CR) Methylene blue (MB) 

Langmuir 

qm  (mg/g) 82.640 526.316 

KL 0.082 0.792 

R2 0.99 0.99 

Freundlich 

1/n 0.316 0.400 

KF 18.923 215.229 

R2 0.96 0.99 

Temkin 
B   (kJ/mol) 137.293 22.458 

KT 1.049 11.136 

(A) (B) 

(A) (B) 
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R2 0.98 0.98 

Dubinin 

E    (kJ/mol) 12.500 35.355 

KD 76.195 461.047 

R2 0.98 0.96 

     The results from Table 1 showed that the adsorption behavior of CR and MB agreed with 

the Langmuir model, which had a linearity R2 of 0.99. The maximum adsorption (qm) of MB 

and CR were 526.32 mg/g and 82.64 mg/g, respectively. It suggested that the adsorption 

behavior corresponded to monolayer adsorption, or that the BC surface had been covered with 

a layer of the dye molecule. On the other hand, the adsorption of MB exhibited a linearity R2 

of 0.99 for the Freundlich model. It appears that an interaction between MB molecules 

happened. This behavior might be explained by the fact that MB adsorption on the BC surface 

occurred simultaneously with monolayer (MB on BC) and multilayer (MB with MB). MB had 

a greater qm than CR. The influence of molecular size should be observed; the molecular size 

of MB is 0.17×0.76×0.33 nm, while the CR is 2.59×0.93×0.14 nm. The diffusion of MB 

molecules into the pore structure appears to be smoother than that of CR, which may be due to 

the huge number of dye molecules absorbed. 

Generally, the Langmuir model is related to monolayer adsorption or chemical adsorption 

(Medhat et al., 2021). The thermodynamic adsorption experiment was used to confirm this idea. 

The equilibrium adsorption was collected at temperatures of 303, 308, and 313 K, and the 

results were plotted using the Van't Hoff equation in Figure 3.

Fig.3. Equilibrium adsorption under various temperature (A) Congo red (B) Methylene blue 

In chemical adsorption, the adsorption efficiency decreased with increasing of adsorption 

temperature, theoretically. Fig.3B showed the linearity R2 was lower than 0.9, it supported the 

statement that the interaction between MB molecules. However, the thermal-adsorption 

experiment provided some interesting values, as given in Table 2. The results showed that the 

standard Gibb free energy (∆G°) of both dye adsorption was negative at each temperature, 

indicating that this is a spontaneous process and does not require energy (E) input to operate 

(Piccin et al., 2011). Adsorptions with positive standard entropy (∆S°) indicate a forward 

process. The chemical adsorption was validated by the standard enthalpy (∆H°), which 

exceeded 50 kJ/mol (Lima et al., 2019). The ∆H° values for Congo red (CR) adsorption and 

Methylene blue (MB) were 59.70 and 99.65 kJ/mol, respectively. 

(A) (B) 
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Table 2. Thermodynamics parameters of adsorption 

Dyes 
Temperature 

(K) 

∆G° 

(kJ/mol) 

∆S° 

kJ/(mol.K) 

∆H° 

(kJ/mol) 

Congo red (CR) 

303 -954.32

0.20 59.70 308 -2,074.41

313 -2,953.71

Methylene Blue (MB) 

303 -6,931.51

0.35 99.65 308 -7,670.62

313 -10,458.74

4. Conclusion

The bagasse ash activated carbon (BC) derived from KOH activation, showed the

adsorption performance with Methylene blue (MB) and Congo red (CR) solution. The results 

showed the relation with Langmuir adsorption isotherm and revealed the high adsorption 

efficiency via maximum number of adsorbed parameters (qm, mg/g). It was found that the qm 

of MB and CR were 526.32 mg/g and 82.64 mg/g, respectively. The adsorption played the role 

in chemical adsorption, it was confirmed by the standard enthalpy (∆H°) was higher than 50 

kJ/mol obtained from Van’t Hoff equation.  
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