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Message from President of TIChE

Dear Esteemed Colleagues, Distinguished Guests and Delegates of the 33
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 33" Annual TIChE Conference, themed
"Smart Solutions to Environmental Sustainability for a Better World."

As we gather for the 331 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 Ple.

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
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Message from President of RMUTT

Welcome distinguished guests to the 33rd Thai Institution of Chemical
Engineering and Applied Chemistry International Conference
(TIChE2024) which was held on 7-8th March, 2024 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.

Aot Fllom-al

Sommai Pivsa-Art, Ph.D.
President
Rajamangala University of Technology Thanyaburi



Conference Chair

Mr. Surachate

Conference Co-Chair

Assoc.Prof.Dr. Natacha

COMITTEES

Chalothorn

Phetyim

International Organizing Committee

Prof.Dr. Kiyoshi
Prof.Dr. Hideaki
Prof.Dr. Hiroshi
Dr. Taro

Prof.Dr. Ken

Prof.Dr. Yuji

TS. Roslan

Assoc.Prof.Dr. Fatma

Asst.Prof.Dr. Rafael Omar

Prof.Dr. Injoo
Prof.Dr.Yong Ku

Assoc.Prof.Dr. Ryuichi

Prof.Dr. Wega
Prof.Dr. Tarcicius Yoyok

Prof.Dr. Hiroshi

Yoshikawa
OHGAKI
Kamitakahara
SONOBE

Kokubo

ASO

Arshad

Yalcinkaya

Torres Mendieta

Chin
Kwon

Ashida

Trisunaryanti
Wahyu Subroto

Takiyama

The Thai Institute of Chemical
Engineering and Applied Chemistry,
Thailand

Rajamangala University of
Technology Thanyaburi, Thailand

Kyoto University, Japan

CNT-Application Research Center,
Japan

Kyoto Institute of Technology, Japan

Universiti Sultan Zainal Abidin,
Besut Campus, Terengganu,
Universiti Sultan Zainal Abidin,
Malaysia

Technical University of Liberec,
Czech Republic

Technical University of Liberec,
Czech Republic

Inha University, Korea

Kyoto University, Japan

Universitas Gadjah Mada
Yogyakarta, Indonesia

Tokyo University of Agriculture and
Technology, Japan



Prof.Dr. Hongxun

Prof.Dr. Jerry

Prof.Dr. Kevin

Assoc.Prof.Dr. Koichi

Prof.Dr. Tu
Prof.Dr. Woo-Sik
Prof.Dr. Marjatta
Dr.Keonakhone

Assoc.Prof.Dr. Sevgi

Assoc.Prof.Dr. Huaiyu

Prof.Dr. Jodo

Local organizing committee

Mr.Surachate
Mr.Pukpong

Prof.Dr. Tawatchai
Prof.Dr. Pramoch
Prof.Dr. Varong
Assoc.Prof.Dr. Kejvalee
Assoc.Prof.Dr. Phavanee
Prof.Dr. Mali
Assoc.Prof.Dr. Kulchanat
Asst.Prof.Dr. Pornchai
Asst.Prof.Dr. Weerawat
Asst.Prof.Dr. Monpilai
Dr. Narisara

Dr. Terasut

Prof.Dr. Benjapon

Hao

Heng

Roberts

Igarashi

Lee

Kim
Louhi-Kultanen
Khounvilay

Polat

Yang

Maia

Chalothorn
Wungrattanasopon
Charinpanitkul
Rangsunvigit
Pavarajarn
Pruksathorn
Narataruksa
Hunsom
Prasertsit
Bumroongsri
Patthaveekongka
Narasingha
Thongboonchoo
Sookkumnerd
Chalermsinsuwan

Tianjin University, China

Imperial College London, United
Kingdom

University of Leeds, United
Kingdom

Osaka Metropolitan University,
Japan

National Central University, Taiwan
Kyung Hee University, Korea

Aalto University, Finland

National University of Laos, Laos
University of Marmara, Turkey

Loughborough University, United
Kingdom

Case Western Reserve University,
USA

The Thai Institute of Chemical
Engineering and Applied Chemistry,
Thailand



Mr.Visoot Duenkwang

Assoc.Prof.Dr. Sumonman  Niamlang

Assoc.Prof.Dr. Natacha Phetyim

Assoc.Prof.Dr. Weraporn Pivsa-Art

Asst.Prof.Dr. Thirawat Mueansichai

Asst.Prof.Dr. Rinlada Sirisangsawang

Asst.Prof.Dr. Chaiyapop Siraworakun

Asst.Prof.Dr. Weerinda Mens Rajamangala University of
Asst.Prof.Dr. Sasiradee Jantasee Technology Thanyaburi, Thailand
Asst.Prof. Sarawut Jitpinit

Asst.Prof. Yanyong Sookklay

Dr. Puttiporn Thiamsinsangwon

Asst.Prof.Dr. Nithinart C. Juntadech

Dr. Panrawee Rungskunroch

Dr. Phornwalan Nanthananon

Assoc.Prof.Dr. Chaiyan Chaiya

Scientific Committee

Suranaree University of Technology,

Assoc.Prof.Dr. Lek Wantha Thailand
Assoc.Prof.Dr. Pornnapa Kasemsiri
Assoc.Prof.Dr. Sutasinee Neramittagapong Khon Kaen University, Thailand
Assoc.Prof.Dr. Arthit Neramittagapong
Assoc.Prof.Dr. Chanatip Samart Thammasat University, Thailand
Assoc.Prof.Dr. Worapon Kiatkittipong
Assoc.Prof.Dr. Supakij Suttiruengwong Silpakorn University, Thailand
Asst.Prof.Dr. Veerayut Lersbamrungsuk
Dr. Wanwit W 1

. Wamwviroo 'a nmotee King Mongkut’s University of
Asst.Prof.Dr. Suchata Kirdponpattara

. Technology North Bangkok,

Asst.Prof.Dr. Santi Chuetor Thailand
Assoc.Prof.Dr. Chaiwat Prapainainar
Asst.Prof.Dr. Sakhon Ratchahat Mabhidol University, Thailand
Assoc.Prof.Dr. Chakkrit Umpuch Ubon Ratchathani University,
Assoc.Prof.Dr. Chatchai Kunyawut Thailand
Asst. Prof. Dr. Lerdluck Kaewvimol Rajamangala University of

Technology Krungthep, Thailand



Dr. Natthawan

Peer Review Committee

Assoc.Prof.Dr. Lek
Dr. Terasut

Asst.Prof.Dr. Amata
Assoc.Prof.Dr. Prakob
Asst.Prof.Dr. Patcharaporn

Assoc.Prof.Dr. Anawat
Asst.Prof.Dr. Jindarat
Assoc.Prof.Dr.Somnuk
Dr. Kantharakorn

Assoc.Prof.Dr. Chaiwat
Asst.Prof.Dr. Karn
Asst.Prof.Dr. Lida

Dr. Matthew
Assoc.Prof.Dr. Patcharin
Asst.Prof.Dr. Santi
Asst.Prof.Dr. Suchata
Dr. Supachai
Assoc.Prof.Dr. Supak

Assoc.Prof.Dr. Anusith
Asst.Prof.Dr. Manop
Prof.Dr. Metta
Assoc.Prof.Dr. Nanthiya
Assoc.Prof.Dr. Paweena
Assoc.Prof.Dr. Chanin

Prof.Dr. Benjapon

Assoc.Prof.Dr. Chakkrit
Asst. Prof. Channarong
Assoc.Prof.Dr. Chatchai
Asst. Prof. Dr. Karnika
Assoc.Prof.Dr. Wipada
Assoc.Prof.Dr. Supatpong
Dr. Natthaya

Assoc.Prof.Dr. Chanchira

Prasongthum

Wantha
Sookkumnerd

Anantpinijwatna
Kitchaiya
Weerachawanasak

Sungpet
Pimsamarn

Jarudilokkul
Macharoen

Prapainainar
Pana-Suppamassadu
Simasatitkul
Hartley
Worathanakul
Chuetor
Kirdponpattara
Jadsadajerm
Tontisirin

Thanapimmetha
Charoenchaitrakool
Chareonpanich
Hansupalak
Prapainainar
Panjapornpon

Chalermsinsuwan

Umpuch
Puchongkawarin
Kunyawut
Ratanapongleka
Dechapanya
Mattaraj
Punsuwan

Jubsilp

Thailand Institute of Scientific and
Technological Research, Thailand

Suranaree University of Technology,
Thailand

King Mongkut's Institute of
Technology Ladkrabang, Thailand
King Mongkut's University of

Technology Thonburi, Thailand

King Mongkut’s University of
Technology North Bangkok,
Thailand

Kasetsart University, Thailand

Chulalongkorn University, Thailand

Ubon Ratchathani University,
Thailand



Assoc.Prof.Dr. Nawadon
Assoc. Prof. Dr. Unchalee

Dr. Chaowat

Asst. Prof. Choowong
Asst. Prof. Dr. Nutchapon
Asst.Prof.Dr. Weerawat
Asst.Prof.Dr. Veerayut
Dr. Wasu

Dr. Sarawut

Assoc.Prof.Dr. Ekrachan

Assoc.Prof.Dr. Yuvarat

Asst. Prof. Dr.Somboon
Dr. Totsaporn

Assoc.Prof.Dr. Kulchanat
Dr. Songtham

Asst. Prof. Dr. Lerdluck
Assoc.Prof.Dr. Kanokwan
Assoc.Prof.Dr. Piyaporn

Asst.Prof.Dr. Nithinart
Assoc.Prof.Dr. Natacha
Assoc.Prof.Dr. Weraporn
Asst.Prof.Dr. Thirawat
Asst.Prof.Dr. Rinlada
Asst.Prof.Dr. Chaiyapop
Asst.Prof.Dr. Weerinda
Asst.Prof.Dr. Sasiradee
Asst.Prof. Sarawut
Asst.Prof. Yanyong
Assoc.Prof.Dr. Chaiyan

Dr. Pamornrat
Asst.Prof.Dr. Watcharapong
Asst.Prof.Dr. Weerawun

Assoc.Prof.Dr. Akkarat
Assoc.Prof.Dr. Piyachat
Asst.Prof.Dr. Settakorn

Petchwattana
Suwanmanee

Autthanit

Chaisuk
Chotigkrai
Patthaveekongka
Lersbamrungsuk
Chaitree
Phupaichitkun

Chaichana

Ngernyen
Sukpancharoen

Suwannaruang

Prasertsit
Photaworn

Kaewvimol
Ngaosuwan
Kampeerapappun

C. Juntadech
Phetyim
Pivsa-Art
Mueansichai
Sirisangsawang
Siraworakun
Mens
Jantasee
Jitpinit
Sookklay
Chaiya

Chantam
Khaodee

Weerachaipichasgul

Wongkaew
Wattanachai
Upasen

Srinakharinwirot University,
Thailand

Rajamangala University of
Technology Phra Nakhon, Thailand

Silpakorn University, Thailand

Nakhon Pathom Rajabhat
University, Thailand

Khon Kaen University, Thailand

Prince of Songkla University,
Thailand

Rajamangala University of
Technology Krungthep, Thailand

Rajamangala University of
Technology Thanyaburi, Thailand

Naresuan University, Thailand

Burapha university, Thailand



Asst.Prof.Dr. Srisuda

Asst.Prof.Dr. Woranart
Asst.Prof.Dr. Poomiwat
Assoc.Prof.Dr. Atthapon

Mr. Jiraprat

Asst.Prof.Dr. Attaso

Nithettham

Jonglertjunya
Phadungbut
Srifa

Kitsuwan

Khamwichit

Mahidol University, Thailand

Rayong Technical College, Thailand

Walailak University, Thailand



LIST OF CONTENT

Preface
Committees

Papers of TIChE2024

Polymeric adsorbent from silicone rubber for carbon dioxide capture
Equilibrium molecular interactions of phosphonium-based ionic liquids with
CO» and H>S for gas separation

Effect of temperature on the methanol synthesis through ethanol-assisted CO>
hydrogenation in fixed bed reactor

Density, viscosity, and CO2 absorption capacity of tri—amine blends 2-amino-
2-methyl-1-propanol (AMP), piperazine (PZ), and monoethanolamine (MEA)
Potential of advanced tri—amine blends of 2-amino-2-methyl-1-propanol
(AMP), methyl diethanolamine (MDEA), and piperazine (PZ) for post-
combustion carbon capture

Esterification of oleic acid with glycerol using solid acid catalysts

A green sulfonated activated cabon catalyst for esterification of oleic acid with
glycerol

Effect of surface functional group on siliceous zirconia for glycerol acetylation
with acetic acid

Valorization of glycerol via esterification with acetic acid using
12-tungstophosphoric acid catalyst

Performance improvement of wet scrubbing unit for resin production
Simulation of hydrocracking process: impact of process parameters on product
yields and properties

Process simulation of the reactive distillation using various ethanol-to-lactic
acid ratios for the purification of lactic acid produced by fermentation
Simulation and techno-economic comparison of subcritical dimethyl ether,
supercritical carbon dioxide and organic solvent extraction of rice bran oil
manufacture

Process simulation and techno-economic evaluation of free lutein production
from marigold flowers by dimethyl ether extraction and de-esterification.
Synthesis and characterization of core-shell zeolitic imidazolate frameworks
by seed-mediated growth method

Effect of cerium promoter in the silica supported copper catalyst on the
selective hydrogenation of furfural to furfuryl alcohol

Life cycle assessment of bio-hydrogenated diesel from palm fatty acid distillate
and refined palm stearin

Techno-economic study of green diesel production from palm oil by-product
using recycled solvent

Page

17
25
32
40
54
64
76

85
91

100

108

116
124
132
140

147



LIST OF CONTENT

Detection and replacement of states with spikes and noise by long short-term

memory models or neural networks

Economic evaluation of intensified furfural production process with reactive-
azeotropic dividing wall column using aspen plus program

Hollow fiber membrane modeling and simulation in the application of gas
separation process

Extraction of thunbergia laurifolia lindl. with subcritical fluid technique

Methane reforming with CO: in gliding arc plasma minireactor integrated with

NiO and CoO catalysts on Al>O3 ball support

Investigation of the polymerization of ethylene and ethylene/1-hexene over
zirconocene/MMAO catalyst supported on Ga-modified silica

Utilization of industrial waste cellulose for solid fuel production in pilot plant
scale

Continuous conversion of fatty acid methyl esters to bio-jet fuel via
hydroisomerization /hydrocracking over NiGa/modified beta zeolite catalysts
Sustainable heat exchanger network synthesis using linearization method
Effect of dip coating conditions on film thickness and CO2/CH4 separation

performance of pebax/PEI pomposite hollow fiber membrane
Characterization and properties of K-ZrO> catalyst derived from UiO-66 for
glycerolysis of methyl palmitate

High-temperature catalytic oxidative cleavage of oleic acid to produce azelaic
and pelargonic acids

Simulation-assisted transfer learning for steam consumption prediction in
industrial steam monitoring with limited data scenario

Fabrication of thin film composite nanofibrous membrane using
electrospinning and dip coating technique for selective protein purification

UV- enhanced catalytic oxidative cleavage of oleic acid.

Enhancement of oleic acid content in palm oil via chemical interesterification
for application as bio-transformer oil

L-lysine production by corynebacterium glutamicum TISTR 461 using cassava
pulp hydrolysate as a carbon source

Adsorption of moisture by rice husk silica and commercial silica

Methanol production via CO; hydrogenation with 1-propanol assisted in fixed
bed reactor

The assessment of the relationship between fine particulate matter and related
meteorological conditions

Tuning magnetic properties and particle size of iron oxide by changing
Fe?/Fe*" precursor ratios and rotation speed

Fe-doped in LaNiOs3 perovskite catalysts for dry reforming of methane

Page
154
163
170

180
186

194
202
210

218
226

234
241
248
257

265
273

281

288
296

304

312

320



LIST OF CONTENT

Evaluation of HEK293.2sus growth in 5 commercial media

Comparative study of lignin isolated from bagasse using different solid-to-
liquid ratios of dilute sulfuric acid pretreatment

Preparation and synthesis of carboxymethyl cellulose from rice straw

The role of nonionic surfactants in lubricity of green diesel

Hydrodynamics simulation of sorbent riser and regenerator for carbon dioxide
capture process using KoCO3/Al>Os3 in circulating fluidized bed reactor
Removal of iodine compounds in periodate oxidation of water-soluble
carbohydrates

Performance analysis and optimization of sorption-enhanced chemical looping
oxidative steam reforming of methanol for high-temperature proton exchange
membrane fuel cell

Study the parameters for acetylation over glycerol and acetic acid involving
exploring indion 225-H as alternative ion-exchange resin.

Preparation of sulfonated activated carbon from polymer waste for conversion
of fructose to 5-hydroxymethylfurfural

A Pouch-type liquid-to-gas phase transition actuator: performance tests and
cost analysis

Synergistic effects of plastic wastes and sludge for producing fuel via
co-pyrolysis in a batch reactor

Enhancement of porous carbon from oil palm empty fruit bunch and CO:
capture application

Chemical recycling of waste PET into terephthalic acid by alkaline hydrolysis
Coaching for research and development in chemical engineering senior
projects

Ethanol purification comparison between adsorption and azeotropic
distillation: A rough simulation and economic analysis using Aspen Plus V.11
Adsorption of uremic toxins in hemodialysis using bio-based hybrid granular
activated carbon for dialysate regeneration

UV-vulcanized natural rubber grafted with methyl methacrylate for production
of ultrafine powder as toughening fillers in polylactic acid

The assessment of greenhouse gases for lerdsin hospital

Rice bran wax as a renewable resource for biolubricant formulation

Influence of chitosan content on antibacterial property of chitosan/polyvinyl
alcohol composites

Conversion of furfuryl alcohol to butyl levulinate using alumina-supported
tungsten catalysts

The development of metal/carbon quantum dots/cellulose nanocomposites for
glucose sensing by fluorimetric and colorimetric detection

Page

328
333

341
349
357
369

376

385
396
402
410
418

425
432

440
448
457
466
472
480

489

497



LIST OF CONTENT

Assessing sustainability performance of thailand provinces via super-efficiency
data envelopment analysis

Machine learning for predictive modelling of hydrogen production from
biomass gasification

Transdermal drug delivery system of hesperidin-loaded cubosomes for anti-
aging

Travelling salesman problem considering traffic data and IoTs for smart waste
collection system: case study of a university

Zinc-organic framework and titanium dioxide nanocomposite for use as
photocatalyst for dye degradation

Bioethanol production from rice straw using simultaneous saccharification and
fermentation process

Effect of enantiomeric configuration of chiral coformer in chiral resolution by
cocrystallization

Inhibitory effects of schinus terebinthifolia leave extract on polyphenol oxidase
activity and enzymatic browning

Catalytic conversion of palm refined oil to bio-hydrogenated diesel over
monometallic and bimetallic supported on ZSM-5

Enhancing polycaprolactone (PCL) by incorporating lignin to improve
properties

Data augmentation enhanced multilayer perceptron neural network model for
catalytic CO2 methanation

Development of convolutional neural network for leaked gas detection and
classification in chemical processes

A study of pig farm waste to promote the circular economy concept
Examining the connection between nutrients and water hyacinth invasion in
the lower tha chin river

Predictive model for the fatigue life of a low-cost leaf cup mold.

Study on coefficient of performance model for industrial refrigeration system
Adsorption behavior of industrial dye by activated carbon derived from
bagasse ash

Page
505
513
521
529
537
545
553
561
569
578
586
594

601
609

617
625
633



| B )
2024\
The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Polymeric Adsorbent from Silicone Rubber for Carbon Dioxide Capture
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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 CO>
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
CO. adsorption capacity was investigated and the regeneration of adsorbent material was
established by 5 adsorption-desorption cycles. The result showed that the CO, adsorption
capacity increased with the increase of hardness of silicone rubber. Moreover, CO 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 CO>
capture.

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

1. Introduction

Carbon dioxide (CO>) 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 CO> 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 CO; before emission to atmosphere. For controlling CO2 emission in atmosphere,
various CO> 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

®
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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 CO>, the heteroatoms such as nitrogen or oxygen play an
important role to increase the active sites as Lewis base for CO- 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 CO; 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 CO. 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 No0.20. The obtained particle size of silicone rubber was less than 840 um. 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 °C) 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 °C/min from 40 to 1000 °C under
N2 atmosphere.
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2.6 Adsorption - desorption

For CO> 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 °C 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: Ny 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 CO> adsorption capacity was calculated
from the difference between the CO. adsorption capacity of the sample and blank based on Eq.

(1).
0=+ [, Q(co — c)dt] = (1)

where q is the adsorption capacity of CO> (mmol/g), M is the mass of adsorbent (g), Q is the
gas flow rate (mL/min), co and c are inlet and outlet CO, concentration (%vol), respectively,
t is the denoted time (min), P is the gas pressure (atm), R is the gas constant (82.0573 cm?
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 °C 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/mm?,
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 °C 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 CO>
was not detected in the outlet gas because the inlet CO> was completely adsorbed on the silicone
material. The curves slightly and continuously increased, since the CO. adsorption capacity of
silicone material slightly decreased, resulting in CO> concentration at the outlet gas decreased.
Finally, the curves became constant at 12 % (outlet CO- concentration equals that of the inlet)
because the silicone material were saturated with COx.

The total CO 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 COo/g sorbent), respectively. These results indicated that the silicone material can be
used as the adsorbent material for CO> 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
CO; capture. Apart from oxygen atom in silicone’s chemical structure, the presence of silica
content in silicone rubber also helps to improve the CO> adsorption capacity and mechanical
properties. In addition, the CO> 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 CO>

adsorption capacity.

12

10

CO, gas concentration (%)
(@)}

Time (s)

200 300

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

Table 1. Comparison of COz adsorption capacity.

Sample Name Experimental condition Coisgggirg,ﬁon Reference
(v%l%i;) S'I'Cezo%) )ntent (mg COz/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]




2024\

The 33" Thai Institute of Chemical Engineering and Applied Chemistry

International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

3.4. Regeneration of silicone material

Five adsorption—desorption cycles were studied for S70. The results presented in Figure
4 showed that the CO. 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.

CO, adsorption capacity
(mg CO,/g sorbent)

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Regeneration cycles

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

4. Conclusion

In this work, the silicone material was selected to study CO. adsorption as the adsorbent
material. The CO; adsorption capacity of silicone material increased with the increase of silica
content. The highest CO> 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 CO, capture.

Acknowledgement

The authors thank the Center of Excellence in Green Materials for Industrial Application,
Faculty of Science, Chulalongkorn University for instrument support throughout this work.



2024\

The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

References

[1]

[2]

[3]

[4]

[5]

Sattari, A., Ramazani, A., Aghahosseini, H., and Aroua, M.K. (2021). The application
of polymer containing materials in CO2 capturing via absorption and adsorption
methods. Journal of CO Utilization, 48, 101526.

Chi, S.,Ye Y., Zhao, X,, Liu, J., Jin, J., Du, L. and Mi, J. (2023). Porous molecular sieve
polymer composite with high CO. adsorption efficiency and hydrophobicity. Separation
and Purification Technology, 307, 122738.

Tiwari, D., Kaur, S., Bhunia, H., and Bajpai, P.K. (2018). CO2 adsorption on oxygen
enriched nanostructured carbons derived from silica templated resorcinol-
formaldehyde. Journal of Industrial and Engineering Chemistry, 65, 146-155.

Sethy, N.K., Arif, Z., Mishra, P.K., and Kumar, P. (2019). Synthesis of SiO;
nanoparticle from bamboo leaf and its incorporation in PDMS membrane to enhance its
separation properties. Journal of Polymer Engineering, 39(7), 679-687.

Panploo, K., Chalermsinsuwan, B., and Poompradub, S. (2020). Effect of amine types
and temperature of a natural rubber based composite material on the carbon dioxide
capture. Chemical Engineering Journal, 402, 125332.



2024\

The 33" Thai Institute of Chemical Engineering and Applied Chemistry

International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Equilibrium Molecular Interactions of Phosphonium-Based lonic Liquids
with CO. and H>S for Gas Separation

Umar Muhammad Yahaya?, Hossein Haghani'”, and Teerawat Semal*

1Department of Chemical Technology, Chulalongkorn University, Pathumwan, Bangkok, 10330, Thailand.
Emails: hossein.h@chula.ac.th, teerawat.se@chula.ac.th

Abstract

Molecular dynamics (MD) simulation was conducted to investigate the equilibrium behavior
of tetrabutylphosphonium acetate ([P4444][AcQ]) and tetrabutylphosphonium diethylphosphate
([P2444][DEP]) with CO2/H,S 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 CO>
but increases with H2S which could be attributed to the angular geometry and polarity of H.S.
This is supported by the significant negative Coulombic Energy observed in the two ionic liquid
systems after absorption of H.S and its subsequent lower diffusivity. The molar diffusivity of
the gases is higher in [P4444][DEP] and the self-diffusivity coefficient of CO: is 97.2% greater
than that of HzS in the same ionic liquid. This work revealed that [P4][DEP] can be
considered and further studied for devising low-cost phosphonium-based ionic liquid for CO>
capture.

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

Gas processing plants separate carbon dioxide (CO.), 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 lonic Liquids (ILs) [6].

ILs are ionic compounds that are liquids at temperatures below 100 °C [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 lonic
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 ([Ps444][AcQO]) and tetrabutylphosphonium diethylphosphate
([P4444][DEP]) with CO2/HS 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):

2 2 |74
Ebonded = Z kr(r - req) + Z k@(e - eeq) z ? [1 + cos (ncp - Y)] (1)

bonds angles dihedrals

Where req and 6eq are the equilibrium bond length and angle, kr, ko and Vi are the bond, angle,
and dihedral force constants, n is multiplicity, ¢ is the dihedral angle and Y"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):

—y |2 _ By , 24y
Enonbonded - Zl<] Ri1j2 Ri6j €R;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, gi and gj are the charges
of the atoms and ¢ 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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{d} {e)

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/H.S 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.

p (kgm=)
PPILs Experiment | Simulation | % Error
[P4444][AcO] 916.4 889.8 2.9
[P4444][DEP] - 955.3 -

11
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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.

8 8
b
1 (a) | ®) —— [P, J[DEP|
— | Pyl AcO] i —+C0,
6 —+CO, . +H,8
—+H,8
e E
% 4 b 4
l L/\-"—V ) \ﬁﬁ
0 Y J T x T T T T ; T 1] 1 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 1A} 0.5 L 1.5 2.0 2,5 30
r (nm}) T {nm)

Fig. 2 Cation-anion radial distribution functions of (a) [Ps444][AcO] and (b) [Pas44][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 kimol. After absorption of CO and
H2S, the energy reduced to — 25560 kJmol™* and - 28060 kJmol™* 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? while after
absorption of CO2 and H,S it changed to - 46757 kdmol™ and - 51920 kJmol™ respectively. The
trends of ion pair Coulombic interaction energy in pure and after CO2/H.S absorption is
[P4442][AcO] > [Pa4s44][DEP]. And the energy is greater in H2S-PPILs system than CO»-PPILs
system. As a result of this high H>S-PPILs interaction energy H>S was found to have lower
diffusivity in the ionic liquids than CO». The PPILs under investigation have lower interaction
energy in pure form than after absorption of either CO2 or HaS except in [P44s4][AcO] where
the interaction energy of the pure ionic liquid is slightly greater than after its absorption of CO-
see Figure 3. The decrease in Coulombic interaction energy in [Pas4][AcO]-CO:s is attributed
to the less favorable interaction between [Pas14][AcO] and CO2, which, in turn, promotes higher
diffusivity of CO> than H,S.

12
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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) = X (Iri(®) — r;:(0)]?) ©)

Where | =1, ... N are the number of particles, ri(t) and ri(0) is the positions of i particle at
time t and O 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= 2 lim B (Ir(6) — 1:(0)[2) @)

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. [P444][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 H>S 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



IChE /; 6
2024NY/

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

March 7-8, 2024

MSD (nm?)

30
w| (@)
—H,$
20 =0
£
—
e 154
<2}
=
1+
54
0 T T T
0 10000 20000 30000

tau (ps)

40000

Bl

3
n
I

23
=
|

o
1

-
=
1

n
!

(b)

T
10040

T
20000

tau (ps)

T
30000

40000

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

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

Self-Diffusivity Coefficient, D (“x”10°cm?s?)

PPIL D+ D. Dco2 DHas
[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 H,S. This is consistent with the high diffusivity value

of CO2 we observed in both ionic liquids.
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Fig. 5 Molar diffusivity of CO2 and H2S in (a) [P4444][AcO] and (b) [Pas44][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-H,S interaction energy as it binds firmly to the ionic liquids where the angular geometry
of H>S causes an overall increase in the FV. The observation is reversed with CO> due to its
linear geometry and absence of dipole moment.

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

[P2444][AcO] [P4444][DEP]
Pure + CO2 + H2S Pure +CO2 | +H2S
TV (nmd) 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 [Pa444][AcO], and [Ps444][DEP] with CO2/H2S at 333.15 K and 1.01 bar. The two ionic
liquids have significant free volume which enhances CO./H.S absorption by physical
interactions as proved by the analysis of radial distribution function. [P4s:][DEP] has low
cation-anion interaction energy and high CO2/H.S diffusivity but low [P4444][DEP]-CO2/H2S
interaction energy which may hinder higher gas solubility. [Ps424][AcO] has high cation-anion
and [P4444][AcO]-CO2/H>S 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
H>S in the same ionic liquid. The free volume of two PPILs increases after absorption of H,S
which is connected to the angular geometry and polarity of the gas. Our work shows that CO-
and HzS 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 CO. 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 CO> hydrogenation. CO> 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 CO; 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 CO, 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 (CO>) 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 CO> 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/Al,03 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
CO. at equilibrium. To enhance the conversion of CO, high pressures of 50-100 bar are
required, making this process energy-intensive. CO> 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 + 3H; «» CH;0H + H,O AHa9sk=-49.5 kJ mol! (@H)
CO2+Hy <~ CO + HO AHz9sk=41 kJ mol! (2)

Following Le Chatelier's principle, methanol synthesis from the CO. 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 CO> 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 + 1/2H; + Cu «> HCOOCu (3)
HCOOCu + ROH «> HCOOR + CuOH (4)
HCOOR + 2H; <> ROH + CH3OH (5)
CuOH + 1/2H; «» H20 + Cu (6)
2C2Hs0H — CH3COOC;Hs + 2H> (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 COz 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 CO, 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/ZnQ. 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 CO; conversion. This study has gained valuable
insights that can contribute to energy reduction in methanol production via the CO:
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.

]

Nitrogen
gas

Nitrogen gas
flow rate

0-200 mi/min

flow rate
0-200 mi/min

GC-TCD

Fig.1 Process flow diagram of the fixed-bed reactor system.
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4 Inside
Thermocouple

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.

18 cm
ball

20em
Cu/Zn0O

4.5¢cm
A0

45em

Thermocouple

159 em

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

20




| B )
2024\
The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

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 CO> conversion, calculated through equations

(8)-(9).

//
®
u

Fig.4 Measurement of gas outlet flow rate.

mol of converted CO,

CO,conversion = x 100 (8)

mol of initial CO,

mol of methanol in product

%Methanol Yield = X 100 9)

mol of initial CO,

3. Results and Discussion

The experimental results in the fixed-bed reactor for non-ethanol assisted reactions, both
methanol yield and CO> 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 CO-
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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 CO. 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 CO. hydrogenation to methanol. One such
significant reaction is the RWGS reaction as shown in equation (2), which accompanies CO>
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.

30.00
E 25.00 7
20,00
o
S 15.00
= m Ethanol
@ 10.00
% .00 I% I 2 Non-alcohol
o . /

0.00 Wz _

140 170 200 230

Temperature (°C)

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.

30.00
S 25.00
§ 20.00 %
S 15.00
o
3'10.00
O

X 5.00 %

0.00

7

m Ethanol
Non-alcohol

140 170 200 230
Temperature (°C)

Fig. 6 CO2 conversion at temperatures of 140, 170, 200, and 230 °C, reaction pressure of
30 bar, and GHSV of 298 mL/gca.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 CO> 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
CO: 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 CO;
conversion were determined when the reaction was conducted at 140°C, with methanol yield
at 4.58% and CO. conversion at 12.58%. Methanol yield and CO> 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.

References

[1] Chen, F., Zhang, P., Xiao, L., Liang, J., Zhang, B., Zhao, H., Kosol, R., Ma, Q., Chen,
J., & Peng, X. (2021). Structure—Performance Correlations over Cu/ZnO Interface for
Low-Temperature Methanol Synthesis from Syngas Containing CO2. ACS Applied
Materials & Interfaces, 13(7), 8191-8205.

[2] Din, I. U., Shaharun, M. S., Alotaibi, M. A., Alharthi, A. I., & Naeem, A. (2019). Recent
developments on heterogeneous catalytic CO2 reduction to methanol. Journal of CO2
Utilization, 34, 20-33.

[3] Fujitani, T., & Nakamura, J. (2000). The chemical modification seen in the Cu/ZnO
methanol synthesis catalysts. Applied Catalysis A: General, 191(1-2), 111-129.

[4] Kanuri, S., Roy, S., Chakraborty, C., Datta, S. P., Singh, S. A., & Dinda, S. (2022). An
insight of CO2 hydrogenation to methanol synthesis: Thermodynamics, catalysts,

23



The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

operating parameters, and reaction mechanism. International Journal of Energy
Research, 46(5), 5503-5522.

[S5] Meesattham, S., & Kim-Lohsoontorn, P. (2022). Low-temperature alcohol-assisted
methanol synthesis from CO2 and H2: The effect of alcohol type. International Journal
of Hydrogen Energy, 47(54), 22691-22703.

[6] Zhang, Y., Yang, R., & Tsubaki, N. (2008). A new low-temperature methanol synthesis
method: Mechanistic and kinetics study of catalytic process. Catalysis today, 132(1-4),
93-100.

24




IChE /#§
20246\
The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Density, Viscosity, and CO: Absorption capacity of Tri—amine blends
2—amino—2-methyl-1-propanol (AMP), Piperazine (PZ), and
Monoethanolamine (MEA)

Wadeeya Pornsawasklin!, Sopita Unprasert!, Rattanaporn Apaiyakul!,
Teerawat Sema’>"

"Department of Chemical Technology, Faculty of Science, Chulalongkorn University, Pathumwan, Bangkok,
10330, Thailand
E-mail: teerawat.se(@chula.ac.th

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 CO; 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/cm?, which is slightly greater than that of 30%wt. MEA
(1.0085 g/cm?). 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 CO; 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: CO: capture; capacity; amine; density; viscosity

1. Introduction

CO; is the most released greenhouse gas into the atmosphere when compared to other
greenhouse gases. The emission of COz in large amounts directly contributes to the increase
in atmospheric temperature and leads to global warming [1]. The CO» 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 CO; 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 CO»
absorption capacity and low solvent regeneration, while PZ can react quickly with COa.
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,
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viscosity, and CO; 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 (= 98%) and MEA (98%) were purchased from Merk, Germany. PZ (98%) was
obtained by Sigma-Aldrich, Switzerland. Kemaus, Australia supplied 1 M hydrochloric acid
(HC1) standard solution. CO> (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. CO; absorption capacity was operated at CO> concentration of 12%v/v.
(CO; 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 CO; absorption capacity

The CO; absorption capacity was measured in term of an equilibrium CO; loading
(mol COz/mol amine). The result was reported that CO, absorption capacity (mol CO/
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. CO> and N> gas stream were mixed and fed into blended solvent as modulated by
CO; analyzer (SprintIR-6 100%, CO> METER, Canada). Then, CO; had reacted with amine
AMP-PZ-MEA until equilibrium. The amine sample with 1 mL was taken to define CO>
loading by titration with 1 M HCI standard solution using Chittick apparatus [6]. This process
was sampled every 30 minutes until equilibrium CO; loading. The CO; 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 I(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/cm?), 30%wt. (0.9751-1.0173
g/cm?), and 40%wt. (0.9727-1.0280 g/cm?). had slightly lower than 20%wt. MEA (0.9815—
1.0073 g/cm?®), 30%wt. MEA (0.9862-1.0166 g/cm?), and 40%wt. MEA (0.9889-1.0184
g/cm?), respectively.
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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.

3.00 550 r
g 10/5/5 20/5/
500 ¢
., () 50510 -, (b) *5/520
250 b 450 | o
? 1 * 5105 ': 400 p ® 5/20/5
ol ol g © 7511505 3 * 12.5/12.5/5
o 10y v NN 3 po )
g o200 | T 350 [
= 15515 ) 12.5/512.5
3 z 3.00
% b 515115 ‘g 5 511250125
S 150 . y S 250 '
2 i 6.66/6.66/6.66 9 10/10/10
> g > 200 |
1.00 . 1.50
1.00 pa 30%wt MEA
20%wt MEA
0.50 . ) . ; ) 0.50 . ) . : J
293 303 313 323 333 343 293 303 313 323 333 343
Temperature (K) Temperature (K)
1250
30/5(5
: ()
1050 ©5/530
. ° 5305
] 5 y
g 850 [ 1 ©17.517.5/5
E | O 17.5/517.5
g o0y ; 5175175
=3
2 1333/13.33/13.33
=

0.50

293 303 313 323 33 343
Temperature (K)

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 CO; absorption capacity

CO;, 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 CO; loading (mol CO»/mol amine) at temperature 313 K and CO> partial pressure
12 kPa. In the part of result reporting, they were reported in mol CO»/L-solution.

5.000

4.500 |
4.000
3.500
3.000 2825

2590 2.601 2.647 2.695 5558 2.735 2.642

2.500
2.000 | A3 184 g
1.500
1.000
0.500 |
0.000

AMP/PZ/MEA concentration (%wt.)

Fig. 3. CO; absorption capacity of AMP-PZ-MEA solvent at 313 K
and COz partial pressure 12 kPa.

The CO; 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 CO»
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 CO; better than AMP and MEA. However, precipitation of
PZ at high concentration should be careful. Additionally, increasing of total amine
concentration, the CO; absorption capacity was found increase. Therefore, the 5/30/5 (40%wt.)
had the highest CO, absorption capacity of 4.306 mol CO»/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 CO> 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 CO. diffusion through the solvent. The viscosity of AMP-PZ-MEA
within an acceptable range for solvent suitability. The highest CO; 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 CO; 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 CO, for decades. This study measured
the physical properties and absorption capacity of CO: 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 CO; partial
pressure of 12.1 kPa and 313 K was also experimentally determined. It was observed
that COs 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 CO» 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 (COz) 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 CO> 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 CO».
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 CO> 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 CO; 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, HCI (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 Chemical structure Amine classification
weight (g/mol)
N H . .
AMP 29 14 H O/>< > Sten‘cally h1ndered
primary amine
HO OH
MDEA 119.16 \/\’l“/\/ Tertiary amine
OH . .
MEA 61.08 HzN/\/ Primary amine
NH . N
Pz 86.14 HN\/I 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 CO> 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/cm® 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 CO» absorption capacity

In the CO> 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 CO> and N; at the partial
pressure of CO» 12.1 kPa was bubbled into the reactor. After CO; reacted with amine solvents
for 6-8 hr, I mL of amine sample was taken from the reactor for measuring the CO; loading
(which is a titration with 1.00 M of HCI standard solution using Chittick apparatus to endpoint
of methyl orange) [6]. This procedure was taken every 30 minutes until the measured
CO; loading (in a unit of mol CO>/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 CO; 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.
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(a) 5/5/10 1.030 (b) 5/5/20

*510/5 ®5/20/5
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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.
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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 CO; diffusion. In case of too high viscosity affects the liquid flow slow down and CO»
diffusion through the solvent is more difficult. Then, reaction between solvent and CO> 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.
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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 CO> loading or absorption capacity, commonly used in the form of
mol COz/mol amine. The absorption capacity of AMP-PZ-MDEA at 313 K and CO; 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 CO; [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 COz/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.
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Fig. 4. CO; absorption capacity of AMP-PZ-MDEA solvent at 313 K and
CO; partial pressure 12 kPa.
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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 (y-Al203, ZSM5, ZnO/y-Al203, 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 (y-Al203 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 °C, 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, &
Péres, 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,
Apesteguia, & 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, & Garcia-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 B-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), y-Al.O3 (Yuan, Jiang, & Li, 2019), B-zeolite (Singh et
al., 2013), zeolite (ZSM5 or B-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 vyield 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-ZSMD5 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 (y-Al.03 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 (y-Al.O3, ZSM5, ZnO/y-Al203, 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).

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(CHsC0OO)2-2H,0) was obtained from KemAus, Neutral aluminum oxide and
acidic aluminum oxide (y-Al>03) 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(CH3C00)2:2H20) as the ZnO precursor. Requisite volume of the prepared solution was
impregnated on ZSMD5 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/y-Al>O3 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 Ka radiation
(L = 1.5406 A) at 40 kV and 30 mA. The intensity data are collected over a 26 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 N. 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 pm
was used to study the surface morphology of the samples. Catalysts acid sites measurements
were performed by temperature programmed desorption of ammonia (NHs-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 °C for 1 h, cooled to 150 °C,
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 NHsz. The TPD
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measurements were conducted in flowing He (30 mL/min) from 100 to 700 °C at a heating rate
of 10 °C/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.

Temperature display F:l

Stirrer

N

§——Condensor

Thermocouple
type K

Sampling port

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 1.D. x250 mm, 25 um) was used for the analysis. The temperature of the
detector oven was set at 40 °C. 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 (Swac), selectivity of diacylglycerol (Spac), selectivity of
triacylglycerol (Stac), yield of monoacylglycerol (Ywmac), yield of diacylglycerol (Ypag), and
yield of triacylglycerol (Yrac) were determined according to the Egs. (1)-(7),

Xoa (%) = (1-=22) x 100 (1)
Coa0
S _ CMAG (2)
MAG Cmac *2Cpac *+3CraG
_ 2Cpag
SpAG Cmac *2Cpac * 3Crac 3
_ 3CtAG
StaG = CmaG T 2Cpac *+3CraG (4)
Ymag (%) = Convoa (%)% Syac (5)
Ypag (%) = Convpa (%)*Spag (6)
Yrag (%) = Convoa(%)*Stag (7)

where Xoa is the conversion of oleic acid, Coa o is the initial concentration of oleic acid,
Coa, Cmac, Cpac, Crac are the concentration of oleic acid, monoacylglycerol, diacylglycerol,
and triolein in terms of time, Smac, Spac, Stac are the selectivity of monoacylglycerol,
diacylglycerol, and triacylglycerol while Ywmac, Ypbas, and Yrtac 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/y-Al20s, y-Al203, ZSM5 and
ZnO are shown in Fig. 2. The diffraction peak of ZnO obtained from the ZnO/ZSM5 at 26 =
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, & lIbrahim, 2016). On the other hand, the XRD pattern of
ZnO/y-Al>Os revealed the absence of distinct peaks corresponding to crystalline of ZnO.
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Fig. 2 XRD patterns of (a) y-Al2Oz, (b) ZnO/y-Al203, (¢) ZSM5, (d) ZnO/ZSM5-,
and (e) ZnO.

The scanning electron microscope (SEM) images for y-Al,O3, ZSM-5, ZnO/y-Al203
and ZnO/ZSM5 catalysts are shown in Figs. 3-4. It was evident from the SEM analysis that the
shapes of the y-Al>O3 (support) pellets revealed coarse rock/sand-like shapes in Fig. 3(a). In
this sample, the average size of the particles is 90.9 um. The SEM images for the ZnO/ y-Al>03
indicated the regions of different color intensities with light grey representing the ZnO on a
relatively darker y-Al>O3 background as shown in Fig. 3(b). ZnO/y-Al>0O3 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 pum, 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). Itis 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/y-Alx03, 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/y-Al,Oz and ZnO/ZSM5 also indicted
that the Zn elements uniform distributed over the y-Al,Oz and ZSMb5supports. The surface
components are known from the EDX analysis, for ZnO/y-Al>Os 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
0, 18.44 wt.% of Al, 16.90 wt.% of Si, and 34.47 wt.% of Zn.

......................

83400 15.0kV 6.2mm x1.00k SE 50.0um [ $3400.15.0kV 6.2mm x1.00k SE

Fig. 3 SEM images of (a) y-Al>03z, and (b) ZnO/y-Al>0a.

§3400 15 OkVE TR

Fig. 4 SEM images of (a) ZSMD5, and (b) ZnO/ZSM5.
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Fig. 5 Elemental mapping of the ZnO/y-Al.Os3 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 y-Al0s, ZSM5, ZnO/y-Al>03, and
ZnO/ZSM5 catalysts. In selecting the operating conditions, Singh et al. reported promising
results for the synthesis of monoglycerides using a ZnO-supported B-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
Smac Was observed to be as high as 66.8%, while the Spac 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, y-Al.Os demonstrated a higher
conversion compared to ZSMB5. It should be noted that y-Al2O3 has a BET surface area and pore
size of 92.38 m?/g and 98.47 A, respectively, which higher surface area than ZSM5. For ZSM5
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exhibits a smaller surface area of 9.58 m?/g and a larger pore size of 113.26 A. However, the
acidity of the catalysts also effects on reaction activity. According to Shabani et al. (2022), the

reported that acidity of y-AloOz was 1.17 mmol NHs/g (weak acid sites = 0.68 mmol NHs/g and
strong acid sites = 0.49 mmol NHs/g) (Shabani, Moosavian, Royaee, & Zamani, 2022), while
ZSM5 had a higher acidity of 5.664 mmol NHa/g (weak acid sites = 4.217 mmol NHs/g and

medium acid sites = 1.447 mmol NHz/g). When ZnO was loaded, the ZnO/ZSM catalyst had
an acidity value of 4.265 mmol NHs/g (weak acid sites = 2.472 mmol NH3/g, medium acid sites
= 0.632 mmol NHs/g and strong acid sites = 1.161 mmol NHa/g). It can be seen that loading
Zn0 on ZSM5 indicate the formation of strong acidic sites, consequently enhancing its catalytic
activity.

However, ZnO/ZSM5 catalyst exhibited the highest values for Xoa, Ymac, and Ypac,
of 37.1%, 26.8%, and 10.3%, respectively. Following that, ZnO/y-Al>203 showed the Xoa,
Ywmac, and Ypac 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.
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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 Spac and Stac due to amounts of DAG and TAG
were also formed due to secondary reactions (Konwar et al., 2016).

100.00
80.00
~ 60.00
=
& 150 °C
40.00
—o- 160 °C
—- 170 °C
20.00 —e- 180 °C
—e- 200 °C

0.00
0 60 120 180 240 300 360

Reation time (min)

Fig. 8 Conversion of oleic acid at different reaction temperature (GL/OA mole ratio 4:1;
Zn0O/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

Smac Spbac Stac Ref.

ZnO/ZSMb5 Gly/OA mole ratio = 4:1

Catalyst concentration = 0.5
(wt.% of total weight )
Reaction temperature = 180 °C
Reaction time = 90 min

This
study

ZnO/B-zeolite

Gly/OA mole ratio = 4:1 88.9
Catalyst concentration = 2

(wt.% of total weight)

Reaction temperature = 150 °C
Reaction time = 360 min

(Singh et
al., 2013)
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Catalyst The conditions Xoa Smac Spbac Stac Ref.
(%) (%) (%) (%)
Amberlyst 35  Gly/OA mole ratio = 4:1 65.1 78.6 19.3 (Singh et
Catalyst concentration = 2 al., 2013)
(wt.% of total weight)
Reaction temperature = 150 °C
Reaction time = 360 min
Ti-SBA-16 Gly/OA mole ratio = 1:1 728 328 579 9.2 (Kotwal,
(Meso porous  Catalyst concentration = 3 Kumar, &
Titanosilicates) (wt.% of OA) Darbha,
Reaction temperature = 180 °C 2013)
Reaction time = 180 min
Fe-Zn DMC Gly/OA mole ratio = 1:1 63.4 67.3 317 (Kotwal,
(Fe-Zn double- Catalyst concentration =7 Deshpande,
metal cyanide  (wt.% of OA) & Srinivas,
(DMC)) Reaction temperature = 180 °C 2011)
Reaction time = 480 min
ZrO2-Si02— Gly/OA mole ratio = 1:1 634 594 346 6.0 (Kong,
Me&Et- Catalyst concentration =5 Pérés, Wan
PhSOzH (wt.% of total weight) Daud,
(hydrophobic ~ Reaction temperature = 160 °C Cognet, &
mesoporous Reaction time = 240 min Aroua,
zirconia-silica) 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 (y-Al.O3, ZSM5, ZnO/y-Al>03, 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 °C, 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 (140-200°C) 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 170°C, catalyst loading of 2 %wt. and reaction time 3 hr. In addition,
increasing the reaction temperature of 130 to 170 °C 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, -SOsH
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 -SOsH 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 °C) 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 °C 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-SOsH
was vacuum-dried for overnight at 80 °C and stored in a desiccator for further use. The SOzH
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 Ka radiation
(L= 1.5406 A) 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 um 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 °C). 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.

IH""I Stirrer

e
/4_ Condenser

"%, ¢——— Sampling port

\

g

Thermometer

&

¢——— (il bath

Fig. 1 Schematic representation of experimental setup.

3. Results and Discussion

56



| The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

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, Méki-
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-SO3zH-
180 catalyst curve exhibits peak 26 = 50° which suggest proper sulfonation with H2SO4
(Radhika, Subadevi, Krishnaveni, Liu, & Sivakumar, 2018).

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

AC-
SO3H-140
—AC-
SO3H-160
— AC-
SO3H-180
—AC-
SO3H-200

Intensity (a.u.)

0 10 20 30 50 60 70 80

40
2 Theta

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-SOsH 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-SO3sH-180 had the highest OA conversion
among all the AC-SOzH 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 SOzH acid site densities trended to have higher conversions of OA, total acid site
density shown in Table 2. Therefore, AC-SO3sH-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-S03H-140 0.959
AC-SO3H-160 0.944
AC-S03H-180 0.963
AC-SO3H-200 0.961
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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-SO3sH-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 °C. 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.

50
45 0.5 wt.% of total
40 m 1 wt.% of total

m 2 wt.% of total
35 = 3 wt.% of total
30

Oleic acid Conversion (%)

25

20

15

10

5

0
60

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 °C)
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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(C) GL:O Reaction OA Ref.
A time (min)  conversion %

AC-SOs3H -180 150 5:1 180 60.4 This work

[ME/SOsH]- 150 1:1 360 96.0 (Diaz,

MCM-41 Marquez-

(Modified MCM- Alvarez,

41 with sulfonic Mohino,

acid) 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-SOszH). It found that AC-SOsH -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 °C, 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 aresult, 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, Ptaszynska,
Gaidukevi¢, & Koztowski, 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), MoOsz—
SiO2 (Hlatshwayo, Ndolomingo, Bingwa, & Meijboom, 2021), ZrOz, TiO2-ZrO2, WOs/TiO2—
ZrOz2, and MoOs3/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 ZrOz 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 (ZrOCl2-8H20) 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 (H2S04) 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 Ka radiation (A = 1.5418 A). 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 Il instrument, was
employed to analyze functional groups on the surface in the range of 2,600 to 600 cm™.

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
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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 x 0.25 mm x 0.25
pum. Helium was used as a carrier gas with a flow rate of 0.7 mL/min. The injection volume
was 1 L 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), H2SOa-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 H2SOa4, 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 20 = 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 ZrSiOz as
the secondary phase showed the characteristic peaks at 26 = 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 26 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 °C. 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.
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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 um for SZ-550, 72.22 pum for SSZ-550, and 86.11 um 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 SOsH 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 (HsPW12040), with tungsten being the primary element which refers
to heteropoly acid.

eeeee

nnnnnn

Emergy - e

Fig. 4 SEM-EDS images of (a) SZ-550, (b) SSZ-550, and (c) TSZ-550.

Table 1 EDS analysis of catalysts.

Content of element; wt%
Catalyst ;
Zr Si (@) 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
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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™" and 1087 cm™
due to the vibrations of M—O—M and O—M-0 (where M=Zr/Si) (Verma, Rani, & Kumar, 2018).
In the FTIR spectra, new bands in the range of approximately 1010-1080 cm™! 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™' 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™, 983 cm™, and 890 cm™ were observed, indicating characteristic
bands of 12-tungstophosphoric acid (Rao, Sekharnath, Sudhakar, Rao, & Subha, 2014).

w
B
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SS8Z-550

— SZ-550

Transmittance (%)

T T T T T T T T
1400 1200 1000 800 600

Wavenumber (cm™)

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 (Xaly), and di-acetin yield
(Ypa) of 64.51%, and 15.82%, respectively. Following that, TSZ-550 showed the Xaly, and
Ypa 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. 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 °C, 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 Xacly were 52.9
and 97.8 at 80°C and 110 °C, respectively. The Xaly was significantly increased when increasing
the reaction temperature which corresponds the Arrhenius’s law. In addition, the Ypa reached
51.81% at a reaction temperature of 110 °C, while Ypawas 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 Spa 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).
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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 SOsH groups on the SZ surface. A 97.8 % glycerol conversion
was obtained at the reaction temperature of 110 °C, 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 2
Monoacetin + Aceticacid < Diacetin + Water (2)
Diacetin + Acetic acid > Triacetin + Water €))

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 H2SOa4, HCI, HNOg, 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 (HPASs) because
of high hydrophilic properties [4].

Heteropoly acids (HPAS) are versatile green catalysts. They showed high oxidizing ability,
high acidity, good thermal stability, strong Brgnsted 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 SOsH 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 (HsPW12040), acetic acid
and isopropyl acetate (99%), were obtained from Sigma-Aldrich. Sulfuric acid (98.0%) and

77



2024\
The 33" Thai Institute of Chemical Engineering and Applied Chemistry

International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

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 H20) 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 NaNOs, and 23 mL of sulfuric acid (H2SOa) 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% HCI 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% Na2COs
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 pL
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 x 0.320 mm, 0.25 um) 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)) %100 (4)

(initial mol of glycerol)
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moles of desired acetin product

Selectivity (%) = x100

mol of total acetin product
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 wW P
GO 61.78 3131 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 SOsH 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,
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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 (HsPW12040), with W or tungsten being the most abundant element which could be
refer to heteropoly acid.

3.1.2 XRD

Intensity {a.u.)

Lalll ln.ll. ik | T
10 20 30 40 50 50 70 80

2 Theta (degree)
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 20 = 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 20 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
20=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.

30
80
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60
m Blank
50
mTPA
40
B GO
30
20 rgo
10 I
0
30 60 90 120

Time (min)

Conversion of glycerol (%)

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.
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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
Brensted 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 SOsH groups on
its surface. TPA also exhibits the catalytic effect in glycerol esterification comparable to rGO,
even though it lacks SOsH 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 Egs. (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 SOsH
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 SOsH leading to a
significant increase in the total acidity of the parent material. The rGO displayed the highest
content of SOsH 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 °C) 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.
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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 (°C) N> 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
nlet Discharge
Liquid flow rate (kg/hr) Vapor flow rate (kg/hr)
Eoerer?ponen t Féﬁ‘é‘;gge 30°c| 40°c| s0°c| 30°c| 40°c| 50°C
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
corrfsg(rjlent Féﬁ\é\%?)te 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
ng:ponent Féﬁ\é\%?)te 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
ng:ponent Fzﬁ\é\;r:?)te 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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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].

Sensitivity Results Curve
R e caaaa.

[XXL

Y 1 KNOCKOUT PARAM TEMP C

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 Ho 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 Ho 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.

Seedstock ‘ hvdrogen

Light naphtha

-Heavy naphtha

Jurnace hiydrotreaier

Separator 1

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/cm?

Sulfur 2.2 1.5 4.8 Yowt

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
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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 Recycle gas Combine feed
ratio purity ratio
(tons/day)  (Std m*/m?3) (mol percent Hy)
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 HYSY'S 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.

Design. | Feed Data | Reactos Section | Fractionator | Results

Results

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

Fresh feed—Unconverted oil

Conversion(%) = Frosh feed x 100 (Eq. 1)

Diesel yield can be maximized by optimizing the conversion in stages | and Il, 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 H, 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 H» 9.99E-01 1.00E+00 9.99E-01 1.00E+00
Purity
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

96



| B )
20246\
The 33 Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

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 Combine feed
purity ratio
(tons/day)  (Std m*/m?3) (mol percent
H)
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 Catalyst degradation
Index
(%) (%) (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 Recyclegas  Combine
purity feed ratio
(tons/day)  (Std m3/m?) (mol percent
H>)
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 Catalyst degradation
Index
(%) (%) (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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C3H603 + C2H50H <« CsH1003 + H20

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.

CsH1003 + H20 <> C3HsO3 + C2Hs0H
The undesirable oligomerization reactions are expressed by the following equations.
C3He03 + CsHs03 » CeH1005 + H20
CsH100s + C3HeO3 <> C9H1407 + H20

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 methy| 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.

Ethanol-to-Lactic Acid Molar Ratio

Component 31 a1
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 x 10 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.

Ethanol-to-Lactic Acid Molar Ratio

Component

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
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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.

Ethanol-to-Lactic Acid Molar Ratio

Component 31 a1

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.
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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.

30

-2
Lh

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.

Ethanol-to-Lactic Acid Molar Ratio

Component 3.1 41 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-COz2) 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-CO:2
extraction less profitable overall. Profitability analysis indicated that SUBDME could compete
favorably with commercial RBO extraction by hexane with the NPV of 182.2x10° 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 y-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 CO2to 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-COz, 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-CO:2 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/cm? [9] and 0.41 BTU/Ibm-°F [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 y-oryzanol, representing 12,510 mg per kgrs, 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 Qil
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 CO: 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 CO) 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 Press-  Tempe Extraction Solvent to R.BO Oryzanol
technique ure rature time (min) RB yield recover Ref.
A a0 (%) Y
SUBDME 7 30 10 6.539:1grs  20.2 91 % This work
SC-CO; 300 40 240 70 9:1 gre 17.6 89 % [15]
Hexane - 40 90 3279:1grs 19.78 18.53 g/kgcreo [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
gre. 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
(VALVE?2) 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.
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Fig. 1 Process flow diagram of RBO extraction by DME extraction technique

2.2.2 SC-COz extraction
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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 gsonvent:1 gre [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 (VALVEL) 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 (VALVE?2) 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.
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Fig. 2 Process flow diagram of RBO extraction by SC-COz2 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 gre [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.
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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 (Cur),
and labor cost (CovL). 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 VValue (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-COz2 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 y-oryzanol) in mass percentage of 98.6% (SUBDME), 99.85% (SC-CO3) 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-CO; 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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?l"(g/s;;t'é’r‘]’;’ 41252 63131 13667 1.77x10° 252525 47327 827727 12,6263 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.%) ) 222 9334 - 2220 9391 - 222 96.73
y-oryzanol ) ) )

o) 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-COz and
hexane extractions were 6.34x10°, 33.72x10° and 3.36x10° US$, respectively. The
SUBDME and SC-CO:2 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-CO: 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
47.4x10° US$/year and 44.2x10° US$/year, respectively, while SC-CO2 process provided
the highest Crm of 91.6x10° US$/year. Cut was increasingly spent on a high-pressure
technology of SC-CO2 process, amounting to 35.4x10° US$/year. This is due to the
relatively high energy consumption needed to generate supercritical conditions of COz, 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 1.5x10° US$/year and 1.3x10° US$/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$kg ™ product and
1.43 US$Kgproduct due to the high extraction yields and low manufacturing costs, while SC-
CO:2 extraction provided the highest value of 4.36 US$Kg ™ 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-CO, Hexane
Fixed Capital (FCI) uUs$ 6,341,400 33,720,700 3,358,000
Raw Materials (Crm) US$/year 47,426,479 91,612,336 44,249,381
Utilities (Cur) US$/year 1,517,369 35,411,932 1,314,495
Labor (Cov) 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$/year 78,222,099 67,716,536 72,793,418
Unit Cost of Manufacturing US$/KQproduct 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
182.2x10° US$ and 173.2x10° 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 Pl 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 -1,288.9x10° US$ and PI was -6.298, signaling that this
process is not worth investing in.

Revenue value
190 D

Construction

90 period Payback period

7 8 9 1011 12 13 14 15 16 17 18 19 20

60 ¢APEX

Net Present Value (US$) x 10°

-110 <— OPEX
Project|life

-160

-210

Year

= Subcritical DME SC-CO2  =—Organic solvent

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 (CoHs602) 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
liqguefied 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 S-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.%0)
Moisture 3.98
Lutein 8.19
Lutein ester 34.97
Zeaxanthin 3.77
[-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

. Amount | Material flows associated for
Extraction
; Condition* of free | simulation
technique .
lutein
Only liquified DME extraction:
- . Nextraction 5,940 Cycles per year
DME extraction; DME to dried ! .
marigold ratio 33:0.5, 35 °C 16.72 mg Feed dried marigold 336.7 kg/batch
Sequential | 400 rpm, 30min. free lutein/ g gzei;waEl 2$6iigsl.<g/batch
process De-esterification; ethanol to dried g P )
. s 0 . Nextraction 3,751 Cycles per year
oleoresin ratio 4:0.2, 2.5% marigold X ool K h
KOH, 35 °C, 150 rpm, 240 min Feed dried marigold 533.11 kg/batc
' ' ’ Feed DME 35,185.19 kg/batch
Feed solventkon-ewon 5,369.97 kg/batch
) DME to dried marigold ratio 20.71 mg Nextraction 4,320 Cycles per year
Simultaneous | 33:0.5, ethanol to dried free lutein/ g | Feed dried marigold 115.74 kg/batch
process marigold ratio 10:0.5, 5% KOH, dried Feed DME 7,638.89 kg/batch
35 °C, 400 rpm and 60 min marigold Feed solventkon-eron 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: 0.5gme [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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De-esterification process
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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 HCI.
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.

X T X ¢ xog =—= i Y T 4 0-C—R
- "

Lutein (Ester form) Lutein (Free form) Soap

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 gmc: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.
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Separation of residue solid and acidification then took place in a similar manner as described
in the previous sections.

A
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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$/kg [9]
Solvents Liquified dimethyl ether 652 US$/ton  [10]
Ethanol 683 US$/ton  [10]
KOH 850 US$/ton  [10]
HCI 156 US$/ton  [10]
Utilities Cooling water 0.378 US$/GJ [11]
Chilled water 4.77 US$/GJ [11]
Low pressure steam 2.03 US$/GJ  [11]
Electricity 0.074 US$/kWh  [11]
Product Crude lutein ester 280 US$/kg [12]
Free lutein extraction 357.15 US$/kg  [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
Subcritical DME De-esterification Process
In In
Stream DII\;I]G D:\ZE Prggltjct KOH- Pr(gcljjltjct D'JG DIMnE KOH- Pr(géljltjct
EtOH EtOH

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 533 | 35185 186 5,370 104 116 7,639 6444 @ 3745
(kg/batch)
Composition (wt.%0)
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 - 459
Zeaxanthin 3.77 - 3.61 - 3.47 3.77 - - 3.72
p-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.

£ . . Sequential Simultaneous
conomic evaluation
process Process
Raw material purchase cost (USD/Kgo_ma) 4.52 3.10
(3.99)
CAPEX
Total equipment cost (USD) 1,945,480 1,625,680
(1,361,600)
Capital cost (USD/year) 183,659 153,469
(128,539)
OPEX
Raw Materials (Crm) (USD/year) 79,065,711 78,649,346
(73,667,479)
Utilities (Cur) (USD/year) 214,262 186,587
(23,994)
Labor (Cov) (USDl/year) 369,458 369,458
(357,143)
Direct Supervision and clerical labor 36,946 17,110
(USDl/year) (35,714)
Laboratory charges (USD/year) 36,946 17,110
(35,714)
Maintenance and repair (USD/year) 45,776 38,251
(32,038)
Operating supplies (USD/year) 4,578 3,825
(3,204)
Plant overhead cost (USD/year) 226,090 113,231
(212,447)
Interest (USD/year) 114,440 95,628
(80,094)
Local taxes (USD/year) 91,552 76,503
(64,075)
Insurance (USD/year) 22,888 19,126
(16,019)
Total OPEX (M$/year) 94.3 93.3
(87.7)
Total CAPEX (M$/year) 2.3 1.9
(1.6)
Fixed Capital (FCI)* (US$) 7,729,880 3,574,880
(4,909,000)
Total capital investment (TCI) 9,662,350 4,468,600
(6,136,250)
Operating costs (COM) (M$/year) 99.7 97.6
(92.5)
Product sale (M$/year) 22.1 315
(23.14)

*FCl 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 m?/g and
pore volume of 0.7239 and 0.7998 cm?/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 CO, adsorption (58.3 cm?®
gl) in comparison to its single-metal counterpart (44.8 cm® g1), 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 CO: 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(NOs3), - 6H20 (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 °C in an oven, resulting in the formation of a
delicate white solid.

2.2. Synthesis of ZIF-67 framework

Co(NOs3)2 - 6H20 (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 °C 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 - 6H0 (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 °C 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 °C 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(NOs), - 6H>O (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
°C 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 - 3H20. 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 °C 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 CuKa radiation
1.5418°A and a step size of 0.02° in 5-40°).

The measurement of N 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 °C 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 O 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™* wavelength interval.
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3. Results and discussion
3.1 Field Emission Scanning Electron Microscope (FE-SEM)
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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 um. Core-shell materials have average material sizes of 1.06 um and 0.67 pum, 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.

BV A e R
> -3 T

1. .o

Fi. 2. (a) SEM image; k) 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(ll)
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-

(011) (112)
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67@ZIF-8 frameworks.

Figure 3 presents the XRD pattern of single-metal ZIFs and core-shell materials. The
observed peak positions at 20 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
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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 Ave:\rage pore Total porg Reference
(m?/g) size (nm) volume (cm®/g)
ZIF-8@ZIF-67 1723.7 1.68 0.7239 Our work
1402.1 1.2 0.8752 [7]
ZIF-67T@ZIF-8 1640.4 1.95 0.7998 Our work
1271.8 1.02 0.6797 [7]

128



2024\

The 33" Thai Institute of Chemical Engineering and Applied Chemistry

International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Core-shell materials are represented in Figure 4, displaying their N2 adsorption
isotherms at -196 °C and pore size distribution. It reveals that N> adsorption occurs sharply at
low relative pressures, indicating a Type | 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 m?/g and 0.7015 and 0.7093 cm?®/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 cm®/g and surface areas of 1323.62 and 1392.30 m?%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)
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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, ¢), 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)
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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™. The C=N and C-H bonds are evident at 1583 and 3136 cm™,
respectively. In addition, the vibrations of aromatic Sp? C-H bending are seen at 690 and 758
cmt. The vibrations of in-plane bending of the ring are represented by the peaks at 995 and
1145 cm™ [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™*. 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™ 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(ll) 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/SiO; catalyst was
studied in this work. The cerium with 0.1-10 wt% loadings was added in the 20 wt% Cu/SiO>
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/SiO: catalyst. An
undetectable copper metal active sites by N>O 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/SiO- 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 CeO- 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/SiO; catalyst on the catalytic
property for liquid-phase selective hydrogenation of furfural was investigated.

2. Materials and Methods

The Cu-Ce/SiO> 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/SiO- 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/SiO> 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 20 from 20° to 80° with Cu Kea. 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 N> 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% H. 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 Hz 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 Hz 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 Hz 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/SiO: 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/SiO; 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)3NOs [12]. The formation of this phase possibly interfered the dispersion of CuO
particles on the catalyst surface. The XRD peaks of CeO; 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/SiO> 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].
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Fig. 1 The XRD pattern of the Cu-xCe/SiO; catalysts.
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Fig. 2 The N2 adsorption/desorption isotherms of the Cu-xCe/SiO- 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/SiO> catalysts obtained by the results of XRD, N>
physisorption and TPR, respectively.

Catalyst CuO_ crystalline | BET surface M_ean pore size | Total reducibility
size (nm) area (m?/g) | diameter (nm) (%)
Cu/SiO; 38.8 106 10.7 94.4
Cu-0.1Ce/SiO; 53.9 135 10.8 91.8
Cu-0.5Ce/SiO, 314 114 10.6 83.4
Cu-1Ce/SiO» 345 112 10.6 91.2
Cu-5Ce/SiO» 345 111 10.2 95.2
Cu-10Ce/SiO2 36.4 108 10.3 86.0

Figure 3 shows the TPR profiles of the Cu-xCe/SiO; 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/SiO; catalyst showed this behavior. The other was two step reduction. The CuO
was first reduced to Cu.O and subsequently reduced to Cu metal. This was the reduction
behavior of all catalysts, except the Cu-0.5Ce/SiO> 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 CeO: particles. It was reported that the reduction peak at about 500 °C
contributed to the reduction of Ce** on surface and subsurface [16].
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Fig. 3 The TPR profiles of the Cu-xCe/SiO; catalysts.
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The Cu active sites were measured by N.O 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/SiO; 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 N>O and therefore the reaction rate was
evaluated. A suitable content of Ce promoter in this work was 0.5 wt%. The Cu-0.5Ce/SiO>
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].
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Fig. 4 Effect of Ce loading on the reaction rate for furfural hydrogenation.
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Fig. 5 Effect of Ce loading on the FOL selectivity for furfural hydrogenation.
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Two Cu-0.5Ce/SiO> catalysts synthesized by the different preparation method was also
evaluated. One was the Cu-0.5Ce/SiO (B) prepared by sequential impregnation method. The
Ce was impregnated on the silica support before impregnating the Cu. Another was the Cu-
0.5Ce/SiO; (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 m?/g. Compared
to the Cu-0.5Ce/SiO; catalyst, both Cu-0.5Ce/SiO> (B) and Cu-0.5Ce/SiO> (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/SiO: catalyst exhibited the
highest reaction rate and furfuryl alcohol selectivity. A decrease of reaction rate and furfuryl
alcohol selectivity of both Cu-0.5Ce/SiO> (B) and Cu-0.5Ce/SiO> (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.
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4. Conclusions

The effect of Ce promotor in the Cu-Ce/SiO; 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/SiO- 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
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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.

. . Palm oil Palm oil Palm oil BHD
Indicator Unit . . I .
plantation production  refining production
Human health DALY 1.34x107 3.44x10*  2.89x10t  2.74x107?
Ecosystem species/yr 8.07x1077 8.96x107  2.86x10* 6.33x10°
Resource $ 3.00x10! 6.26x101 5.71x10? 23.2

From Table 2, the highest impact for human health, ecosystem and resource indicators
occurs at the palm oil refining stage at 2.89x10" DALY, 2.86x10™ species/yr, and $5.71x10?,
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 3.44x10* DALY, for ecosystem and resource is palm oil plantation stage at
8.07x107 species/yr, and $3.00x10%, respectively, which was the result of lower energy usage
in these steps and lower emissions, including more environmentally friendly waste compared
to other steps.

143



The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Table 3. Characterization result of BHD production from RPS based on 1 kg BHD produced.

Indicator Unit Palm c_)il Palm o_iI Pal_m_oil Pa_lm oi! BHD_
plantation production refining fractionation production
Human Health ~ DALY  156x10° 3.03x10*  3.36x1072 1.95 6.85x101
Ecosystem species/yr  9.42x10®  8.38x107  3.32x10°  4.50x1073 1.58x1073
Resource $ 3.35x10%  3.24x10*  6.63x10* 1.63x10° 5.74x10?

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, 4.50x107 species/yr, and $1.63x10%, 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 3.03x10
“ DALY, for ecosystem and resource is palm oil plantation stage at 9.42x107 species/yr and
$3.35x1072, respectively.

The comparison of the endpoint impact between the two processes can be shown in Fig. 2(a)
and Fig. 2(b)

o | — - e

100%

Human Health Ecosystem Resource . Human Health Ecosystem Resource
B BHD preduction Paim oil refining M Palm oil production B BHD production M Palm oil fractionation Palm oil refining
B Palm oil plantation B Palm oil production W Palm oil plantation
(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.

Insaturated Triglyceride Saturated Triglyceride
CH, = 0=CO=C;Hy CH, — 0 = CO = C;H,;

| 3H |
CH—=0—CO0 ~Cy;Hqy CH—=0-C0~Cj;Hy

;Hydrogenauonv( ('IH 0—CO—C.H
- aFlg = U= LU = Lyyily

|
CH,; = 0-=CO—=Cy;Hyy
| Hydrogenolysis

b
CyHys + CO; - 3C,;Hy;COOH + C:H,

Decarbonylatior 11 \ Hydrodeoxygenatior
H, : N
Deoxygenation N
Cy:Hy, + H,0 + CO CigHgq +2H,0

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

Experiments conducted by

Reference [6] [6] 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.

Gas produet (H.O. CO, CO_, C,Hg?

PFAD/RPS o ' | cs-cia
»~ I POCPIRINE Flash separation - Distillation -
- reactor
50 tons/day
of liquid feed - - Refl 3.2
. 250 °C. 30 bs etlux ratwo 5.2
with H_ gas. 370 °C. 50 bar for PH, RH 230 %30 Bas far FH 25 siages
! R T i : 200 °C, 25 bar for RH E
375°C, 17 bar for PHS 250 °C. 17 bar for PHS BHD 99%wt at bottom product
375 °C, 34 bar for RHS So e
Solvent 200 °C, 17 bar for RHS BHD

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 (R?). It was found that the feedstocks, PFAD and
RPS, have R? values higher than 99% in all cases. The product distribution from experimental
results is shown in Figure 3.

50

40

30

20

Percentage

10

0

C8-C14 Clé Cc17 C18
Alkane carbon number

HPFAD mRPS

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.

45

39.44 3853 HPH

=40 34.43 u RH
£ 3.89 PHS

30 B RHS

> 11.75

o 15
2 9.5811'21 11.23

4.59
0.530.700.77 1.06 1.510.96

0 — |

H2 BHD C5-Ci14 Gas product

5.94

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.

1,648

1400 1,270
1,174

960 1,009
794

618 696

Energy consumption (kW
0
o
o

200 45.60 61.80 3013 70.21

PH RH PHS RHS

B Heat duty M Cool duty Electricity

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.

Temperature Profile Over Time for Heat Exchanger
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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 (x:), the previous time step's cell state (ct.,), and the previous

time step's hidden state (ht.,). Within the LSTM, there are six equations being calculated: the

forget gate (f:), the input gate (it), the output gate (ot), the temporary cell state (c%), 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 (c;) 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 = O'(fot + Ushi—q + bf) (forget gate) (D
ir = o(Wix; + Uihy_q + b;) (input gate) (2)
0y = o(Wyxy + Uyhi_1 + by) (output gate) 3
C, = tanh(W.x, + U h,_; + b,) (temporary cell state) 4)
Co=fr*C_q+i*C, (current cell state) (5
h; = o, * tanh(C,) (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 o, 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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o(x) = = (sigmoid function)
ex - e_x . .
tanh(x) = pr— (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 (RNNSs) 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.

Gimphe Inces

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:

o 108.6
(—Teytose) = [6.216 x 108exp (— T)] Caylose

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%.

Be
I

=

i 1
{ e

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.

0.20 0,25 0,30 035 0,40 0.45 0.50 0.55 0,60 0.65 0,70 0.75 0.€0 0.85 0.90 0.55
Furfural

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.

~ -~
! ‘ A DECANTER
Fi ay "
P—

2

DECANTER

o

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 | 995

&5 4272
4000
— 3500
%; 3000 il 2549 2568
.
5 2500
-
< 2000
a
T 1500
1000 572 581
500
0
Prototype RD RDWC

Cold utility (kW) Hot utility (kW)

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 VV9.0. 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.

RDWC
RD

Prototype

Fig. 8 The net present value for three processes.

(a) (b)

Year of investment

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 CO> 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 CO, separation applications data available in
literature and the experimental studies of CO2/CHj4 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 CO; 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].

yT,nVT = QnAm (phxs,n'p]yT’n) (1)
where, yt ,denotes permeate composition of gas n, Vr denotes permeate flow rate, Qn denotes
gas permeance of each component, Am denotes membrane area, pn denotes pressure at the feed
side, Xs,» denotes retentate composition of gas n, and pi 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].

Output Output Output Output
Input 15t 1stalement 2n0d glement (n-1)telement nthelement
—_— — | 2delement| — . n®element [ ——

element ree

Fig. 1 lllustration 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.

Feed Retentate
V. [n] I )
j=mn

Vi j=1
Xp Jj | x, [n] I

Permeate «——
Ve[l = N\

= [l —————— T
yr [1] Feed Retentate Dead-end
—

Smele hollow fiber membrane

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 inthe 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 xr, feed flow rate as Vr, pressure between feed
and permeate side, gas permeance, packing density, and membrane area after divided into the
number of elements)

| Input inlet conditions ‘

4’( Guess yT of first component ‘

| Calculate y1 other components |

'

i Summation all yt |

No

BN

Yes

| Results from shorteut method |
T
v
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| Calculate Vrin aceumulated term |
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_— Compare flow rate s W
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~
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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].

Vs [l] Vs [n'l] Vs [n]
x, [1] X, [0-1] X, [n]
an Vrlnl
yr [l] YT [n]

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, 6%, can be determined by the mass transfer equation using Fick’s law of
diffusion as shown in Eqg. (2). In other words, the local stage cut is the ratio of the permeate
flow rate, V7, 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 Eg. (5) which must equal to one as shown in Eq.

(6).

y, [110 V,li-11= QA (p.x,[i-11py, i) )
*_ Vil
Y= S ®)

PpXs,n+l [-1]

YTt 1™ (V[ Qey Am) py) )
wm= X vy [ ®
d=sum-—1 (6)
5 <€ (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
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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 Egs. (8) and (9).
Subsequently, these revised compositions are used to calculate the new flow rates for both
retentate, Vsmnew), and permeate, Vrrew). These calculations incorporate the accumulated
permeate flow rate from the preceding element, as shown in Egs. (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(old) [-11 Vs(old) (-11+An, anlyT,n(old) [1

Xs,n (new) bl= Vol li1HAmQ,py, @

Y70 (oldy I TV T(old) G+ 1+ARQ,PyXs notd) ]

Yt ew ] = Vet I AnQu, ©
AVew= X1 QA (0 X, [P, . ] (10)
Vnewli] = Vsnewl[J-1] - AView (11)
Vinewll] = Vinewlj+1] + AViey (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
Egs. (13) and (14).

Y ratne [V ren 1] -yT,n<ow>“1VT<old>[”| < (13)
YT n(old) (Vo 1]
Xsn (ew) K] Vs(new) X Xsn ol X Vs I (14)
Xs,n (old) [X]Vs(old) [x]

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 CO> 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 CO,/CH4/O2
Feed flow rate (I/min) Vary from 1.5to 5 I/min
CO: permeance (GPU) 77.8
CHa permeance (GPU) 2.1
O 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 CO. separation our developed hollow fiber
membrane for model validation

Details for membrane module

Gas separation process CO,/CH4

Membrane material PDMS (polydimethylsiloxane)

Two opened ends using He as carrier gas

Membrane Module
feed at permeate stream.

Membrane module area (cm?) 2500

Experimental parameters

Feed flow rate (ml/min) 500

CO2 permeance (GPU) 29.1-49.7

CHgs 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 CO, from the
gas mixture consisting of CO2, CHas, and Oz [10]. In addition, they studied the effect of feed
flowrate (1.5 - 5 I/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.
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Fig. 5 Model validation with pre-published experimental studies [10]

From the experimental study using developed hollow fiber membrane for CO./CHa
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 CO> 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].

100

W experimental n
W simulation

B0

CH, purity (%)

40 — T
1.0 1.2 14 16 1.8 20
Pressure (bar)

Fig. 6 Model validation with CO./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 CO>
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 agueous 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 2 g TL: 300 ml water TPC 744.845.79 mg GAE/L  [4]
T. laurifolia for 30 min 90°C

Maceration 20 g TL: 200 ml EtOH Rosmarinic acid 38.82+2.54  [5]
T. laurifolia for 72 h room temperature ~ mg/g dry weight

Shaking 19 TL: 50 ml MeOH TPC 834.1+32.6 mg [6]
T. laurifolia for 72 h room temperature ~ GAE/100g

Subcritical fluid 8:1 solid to solvent TPC 47.8 ug GAE/qg ol [9]
Coconut meal for 45 min 100°C

Subcritical fluid 1.5gDRB: 75 ml 20%v/v  TPC 53.5 mg GAE/g bran [10]
Defatted rice bran EtOH for 5 min 237°C
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2. Materials and Methods

2.1. Chemicals and material

Ethanol 99.99% (C2HsOH), Folin-Ciocalteu reagent, Gallic acid monohydrate
(C7H60s-H20), and Sodium Carbonate (Na2COs) 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 Na2COs (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 pg/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].
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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/qg, 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/qg, 25.51-34.46 mg GAE/qg, and 27.01-45.42 mg
GAE/qg 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 CO, 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 Al>Os 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/Al,O3 catalyst was comparatively greater than CoO/Al;O3 catalyst. At
the same metal oxide loading, NiO/Al.O3 catalyst provided higher CH4 and CO> conversions
than CoO/Al203 ones. The higher amount of NiO and CoO loaded on Al>Os3 ball support
synergistically resulted in the higher H, and CO selectivities. The catalyst of 1M NiO/Al.O3
exhibited the highest CH4 and COz conversions of 22.87% and 8.82% with the H> and CO
selectivities of 53.41% and 24.38% while the 3M NiO/Al>Os catalyst exhibited the highest H»
and CO selectivities of 58.07% and 26.83% with the CH4 and CO. 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 (CHs) 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 CO- 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 + C02 — 2H2 +2CO AHZ()SK = +247 kJ/mol (1)
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Thermodynamic limitations of CH4 reforming with CO2are 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 CO.) at mild condition and can operate without external heating [5,6]. Many types of non-
thermal plasma have been investigated for CH4 reforming with CO. 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
CO: in terms of conversions and energy efficiency [11]. Since the electron temperature of
gliding arc discharge provides effectively vibration excitation of CO,, and relates to high gas
temperature that enhances the thermodynamically favorable process for CH4 reforming with
CO: [6].

Different catalyst types have been investigated for plasma-catalytic CH4 reforming with
CO- to improve the conversion efficiency and product selectivity. Among various catalyst
types, metal oxides on alumina (Al.Oz) support are the most commonly used in plasma-catalytic
CHa reforming with CO2 [8,10,13,14]. This is because of the advantages of Al.Oz; 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 Al.Oz support on the performance of plasma process.
It found that combining plasma with Ni/y-Al203 and Mn/y-Al.Osz catalysts significantly
enhanced CH4 conversion. The highest CH4 conversion (19.6%) was achieved over Ni/y-Al20s.
Mei et al. [14] reported that Ni/y-Al>Os provided higher and more stable conversion as
compared to Ag/y-Al.0sand Pt/y-Al2Oz.

In this research work, plasma integrated with supported catalysts for CH4 reforming
with CO- 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 Al>Os ball
support has been evaluated the performance of plasma-catalytic CHa reforming with CO> in
terms of conversions of CH4 and COy, selectivities and yields of H> 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
Al>O3 ball support was dried at 110°C for 12 hr and calcined at 500°C for 5 hr. Al>Os support
was impregnated in metal salt solutions (Ni(NOz)2:6H.O and CoSO4-7H20 salt solution for
nickel and cobalt precursor, respectively) with 1, 2 and 3 M concentrations for 12 hr. The metal
oxide on Al,O3 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/CO; ratio
of 70/30 was used as feed gas. The flow rate of mixed CH4/CO, was controlled by digital mass
flow controller. All experiments were performed under the following condition: total feed flow
rate of 25 cm®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 CHs and CO, selectivities and yields of H, and CO and specific energy
consumption.

2.3 Gas product analysis
The conversions of CHs and COg, selectivities and yields of H, and CO, H2/CO ratio
and energy consumption (W-s/molecule) are calculated according to these equations.

. mole of CH, in - mole of CH,4 out
CH,4 conversion (%) = — e of ClL.in x100 (2)
4

mole of CO, in - mole of CO, out y

CO, conversion (%) = 100 3)

mole of CO, in

o selectivity (%) = mole of H, produced 100 A
2 selectivity (%) = 2xmole of CH4 converted )

mole of CO produced y
(mole of CH,4 converted)+(mole of CO, converted)

CO selectivity (%) = 100 (5)

mole of H, produced

H, yield (¢ = 1
2 yield (%) (mole of CH, in)+(mole of CO, in) <100 ©)
CO yield (%) B mole of CO produced <100 .
yiga i (mole of CH, in)+(mole of CO, in) )
H./CO _ mole of H, produced o
2 " mole of CO produced ®
B . ~ Px60 9
nergy consumption = N <M 9)
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P refers to power (W), N refers to Avogadro’s number (6.02 X 10% molecule-g-mol™?)
and M refers to rate of reactant converted or of syngas produced molecule (g-mol-min)

r———

2O oo
oo |:|
oQg

GC

Mass flow contraller

Vent

I
Mixed CH/CO, n
Sampling
Power supply unit point |

h, S g
High Voltage B |5-
Soap bubble

flow meter

Fig. 1 Schematic diagram of plasma-catalytic of CH4 reforming with CO.

3. Results and Discussion
3.1 Catalyst characterization

Table 1 shows the textural properties of catalysts including Al,O3 ball, NiO/Al,O3 and
CoO/Al;03. The AlO3 ball support had a specific surface area of 246.79 m?/g, a total pore
volume of 0.521 cm®/g and an average pore radius of 42.22 A. The specific surface area of
catalysts decreased when metal oxide was supported on Al2Osz balls. Moreover, the higher
amounts of NiO and CoO loaded on Al>O3 ball tended to give a decreasing specific surface area
and total pore volume. It is certainly due to the fact that the porous Al>O3 ball support is coated
or deposited with NiO and CoO crystallites on either exterior or interior surface of porous Al,O3
ball. As well as, this can be explained by the pore blocking and penetration of metal oxide in
Al>03 ball surface [15]. It also can be clearly seen that the specific surface area and total pore
volume of NiO/AI,Os3 catalyst samples was higher than CoO/Al>O3 one.

The surface morphologies of catalysts were characterized by using SEM. Figure 2
shows the SEM images of Al.O3 ball, 1M NiO/Al;03 and 1M CoO/Al,O3 catalysts. The
elemental area mapping results by SEM-EDS present the uniform dispersion of Ni and Co
elements on Al>O3 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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Table 1. BET surface analysis and EDS elemental analysis

Catalyst Type Su rfacze Area | Pore V3o|ume Pore Radius Ni Co
(m?/g) (cm/g) (A) (Yowt)) | (Yowt.)
Al;03 ball 246.79 0.5210 42.22 - -
1M NiO/Al>O3 223.47 0.5289 47.34 13.69 -
2M NiO/Al>O3 176.25 0.4267 48.42 14.27 -
3M NiO/Al>O3 176.88 0.4247 48.02 20.60 -
1M CoO/Al;03 151.44 0.3425 45.23 - 18.12
2M CoO/Al03 119.36 0.3143 52.66 - 22.20
3M CoO/Al03 103.62 0.2875 55.50 - 53.33

@ o (©)
Fig. 2 SEM images of (a) Al.Oz ball, (b) 1M NiO/Al>O3, and (c) 1M CoO/Al203

3.2 Plasma-catalytic of CHa reforming with CO:2

3.2.1 Effect of metal oxide on Al2O3 ball support
Figure 3 shows the effect of NiO and CoO catalysts on Al.Oz ball support on the plasma-
catalytic CH4 reforming with CO.. It found that NiO/Al,O3 catalyst exhibited higher CH4 and
CO: conversions than CoO/Al,O3 catalyst, except for 3M NiO/Al.O3 (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
CHa conversion of all catalysts are much higher than CO> conversion. It indicates that the
dissociation energy of C-H bond from CHs (438 kJ/mol) is lower than C=0 bond from CO>
(532 kJ/mol), and the reverse water gas shift (RWGS) occurs as a side reaction (Eq.(10)) [17].
CO + HzO — C02 + H2 (10)
The selectivities of the main product are shown in Fig. 3(b). Compared to the reaction
with Al.Oz ball, Hz selectivity was slightly improved when using NiO/Al;O3 and CoO/Al,Os3,
whilst CO selectivity did not much change. The highest H, and CO selectivities were achieved
with 3M NiO/Al203 (58.07% and 26.83% respectively). In addition, the selectivity and yield of
H> 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
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CO2 conversion and higher H> produced. Moreover, the conversion and yield of CoO/Al>O3
catalyst was reduced when compared to unmodified Al2Os. This probably referred to the results
of much less surface area and pore volume of CoO/Al203 than unmodified Al203. H2/CO molar
ratio of Al>Os ball was 3.75, and slightly increased when using NiO and CoO on Al,O3 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
Al,O3 ball were 7.9x10°'8 and 8.4x10-'® J/molecule, respectively. Using NiO/Al,Oj3 catalyst
was found to reduce both Ec and Es, whilst introducing CoO/Al2O3 catalyst into reactor
consumed more energy in converting reactant, compared to Al,O3 ball.

3.2.2 Effect of metal oxide loading on NiO/Al203 and CoO/Al2Os catalysts

To study the effect of metal oxide loading, Al.Oz ball support was impregnated with
three different metal salt solution concentrations (1, 2 and 3 M). It noticed that CH4 and CO-
conversions obviously decreased with increasing metal oxide loading. CHs and CO:
conversions of NiO/Al>Oz catalyst decreased from 22.87% to 20.66% and 8.82% to 3.26%,
respectively. The same results were also observed for CoO/Al,O3 catalyst. This can indicate
that the higher amount of Ni and Co atoms can stick on the Al.O3 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 Al>O3 ball support clearly affected the higher H2 and CO selectivities. Both 3M
NiO/Al203 and 3M CoO/Al>O3 presented the highest Hz 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 Hz yield, but slightly decreased CO vyield. In Fig. 3(d), the highest Ho,/CO molar ratio
was 4.08 and 4.30 for 2M NiO/Al203 and 2M CoO/Al20s 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 COo.

4. Conclusions

The CH4 reforming with CO: by gliding arc discharge plasma integrated with NiO and
CoO catalysts on Al>Oz ball support was investigated at atmosphere pressure and ambient
temperature. NiO/Al>O3 catalyst exhibited higher CH4 and CO2 conversions than CoO/Al>O3
catalyst at the same metal loading. The highest CH4 and CO> conversions were achieved when
using 1M NiO/Al>Oz3 (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 H> 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 wte 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 [Alimao/[Zr1cat 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 MgCly, or the
Phillips catalysts, which are chromium catalysts attached to SiO2 or Al>O3 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 (31. 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. (5,61.

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 MAQO'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 [GaNOsy]. Silica support was impregnated with Ga at
concentrations of 0.2 or 1.0 wtw. After 12 hours of drying at 110°C in an oven, the support was
calcined for 2 hours at 400°C 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 MAQ 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 wtx of Ga, the morphology of Cab-Si
exhibited no significant change.

o~
Before A

Fig.1 The SEM image of Cab-Si and Cab-S

|

I after impregnation wit

70 5 =
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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.

o

Fig.2 The SEM image of Cab-Si and 1 wtx 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 wtw 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 wtw of Ga

Likewise, no significant changes in morphologies were observed for MCF-Si and 1
wty of Ga MCF-Si subsequent to immobilization with MAO as shown in Figure 4.

. N
Before v
R

Fig.4 The SEM image of MCF-Si and 1 wtx 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 wte 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 (ess 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 wtx of Ga-Cab-
Si-MAO supported catalyst. In contrast, the 1 wtx Ga-MCF-Si-MAO supported catalyst
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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.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 (wtw) Si/Al
%Sl %0 %Al %»Ga ratio

Cab-Si-MAO 40.96 46.44 12.60 - 325

1% Ga-Cab-Si-MAO 38.66 4406 16.00 126 242
MCF-Si-MAO 4177 4311 15.12 - 276

1% Ga-MCF-Si-MAO 4359 3973 16.12 0.56 270
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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-
MCEF-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.

MCF-Si
i 1%(Ea-Cab-5i

) 1% Ga-MCF-Si

ab-Si-MAD

Intenaity (a.u,)
Intensity {a.u.)

MCF-Si-MAD

1% Ga-Cab-Si-MAC .
. 1% Ga-MCF-5i-MAD

10 20 0 40 50 50 o 10 B w4 0 =Y ™ 80
24 (degree) 20 (degres)

Fig.9 The wide-angle XRD patterns of supported catalysts.

The vyield 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 @ Activity @.PE/gcat+h)
Cab-Si HOMO 055 20
1%Ga-Cab-Si HOMO 103 40
Cab-Si COPO 229 90
1%Ga-Cab-Si COPO 350 140
MCEF-Si HOMO 050 20
1%Ga-MCF-Si HOMO 136 50
MCEF-Si COPO 213 90
1%Ga-MCF-Si COPO 475 190
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Figures 10 and 11 illustrate, respectively, the morphological characteristics of polymer
products obtained via ethylene and ethylene/l-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/l-hexene polymerization as
compared to ethylene polymerization. In fact, comonomer insertion results in a decrease in
crystallinity resulting in lower Tp.

T

1%Ga MCF-Si

1+Ga Cab-Si
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1%Ga MCF-Si

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 (COz). 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 % Fand 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.

Heating value (J/g)
Test Sample With Without
starch 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.
%Coal: Coal-Based Solid Fuel
%Cellulose Appearance Observation

Test

Solid fuel textures are
homogeneous, smoother
surface and stable but brittle
because of less reinforcement
of fiber.

1 98:2

— Solid fuel textures are non-
- homogeneous, stronger
structure than sample no. 3

2 95:5

Solid fuel textures are non-

3 90:10 . homogeneous and easily
L broken.

Solid fuel textures are non-
homogeneous, the fibrous can
be observed on solid surface.
It is hard due to reinforce
fiber.

4 88:12

Solid fuel textures are non-
homogeneous, the fibrous can

5 85:15 R 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 lIgnition 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 (ICAQ) 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-' 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) B-scission at the microporous Brgnsted 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 0.25 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 22.1 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 FAMESs to produce bio-jet fuel range.
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2. Experimental

2.1 Preparation of modified bata zeolite

The NH;-beta zeolite (TOSOH Co.; SiO2/Al.03 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 NHas-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 (Il) nitrate hexahydrate
(Ni(NO3)2:6H20) and gallium (1I1) nitrate hydrate (Ga(NOz)2-H20) 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 H»
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 26 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 Ho-
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 (Hz)/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 (C17H3402), 43.8% methyl
oleate (C19H3602), 5.9% methyl stearate (C19Hz302), and 1.1% methyl myristate (C15Hz00z).
The hydroisomerization/hydrocracking of FAMEs was conducted in a continuous-downflow
stainless steel fixed-bed reactor (=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 H» 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. FAMESs was then introduced into the reactor via a high-pressure liquid micro-pump
at a weight hourly space velocity (WHSV) of 2.45 h™!. 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 FAMESs 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 (20 = 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 H>-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)?
10Ni/beta 20.4
10Ni/beta-HF 175
5Ni5Ga/beta-HF 12.4

10Ga/beta-HF -
& Calculated by XRD using Scherrer’s equation.
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Fig. 1 XRD pattern of each Ni-based catalyst.
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Fig. 2 Hz - TPR profiles of 10Ni/beta-HF and 5Ni5Ga/beta-HF catalysts.

3.2. Catalytic performance

To study the catalytic performance on FAMESs 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 FAMESs 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 FAMESs conversion and compositions in the liquid
product based on the carbon number derived from hydroisomerization/hydrocracking of
FAMEs.

Catalysts FAMEs conversion  Gasoline (€Cs) Jet (Co-C14) Diesel (>Cis)
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 25.0 449 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 Alknz;nes Allljgr_les Cyclics  Aromatics cgr):lyp;. Lcjgrf]a; i/n ratio
10Ni/beta 36.8 11.7 7.60 27.4 15.3 1.30 0.32
10Ni/beta-HF 29.6 141 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, H>-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.

5. Acknowledgements

The authors gratefully acknowledge the Department of in Chemical Technology, Faculty of
Science, Chulalongkorn University for the financial support.

References

[1] Europe's gasoline, diesel car sales loss majority market share to EVs for first time,
2023.[Online:  https://www.spglobal.com/commodityinsights/en/market-insights/latest-
news/0il/020123-europes-gasoline-diesel-car-sales-lose-majority-market-share-to-evs-
for-first-time?fbclid=iwar2hjqb27yzpvj7rjo5r0-
c4nirvauzoajpatgfoxcaugb4sghmtyw8smqi] accessed 22 September 2023.

[2] Xiao, Y., Shang, J., Zhai, M., Qiao, C. (2021). Hydrodeoxygenation of fatty acid methyl
esters and simultaneous products isomerization over bimetallic Ni-Co /SAPO-11 catalysts.
International Journal of Energy Research 45(6), 9648-9656.

[3] uiueimaesunuudsdu (sustainable aviation fuels) Tomaii liaasuosts veagaamns sureinas

Fanwuaznisduvesine, 2021.[Online: https://www.scheic.com/th/detail/product/7523]

accessed 21 July 2023.

[4] Hengsawad, T., Srimingkwanchai, C., Butnark, S., Resasco, D.E., Jongpatiwut, S. (2018).
Effect of Metal-Acid Balance on Hydroprocessed Renewable Jet Fuel Synthesis from
Hydrocracking and Hydroisomerization of Biohydrogenated Diesel over Pt-Supported
Catalysts. Industrial & Engineering Chemistry Research 57(5), 1429-1440.

[5] Kim, M.Y., Kim, J.-K., Lee, M.-E., Lee, S., Choi, M. (2017). Maximizing Biojet Fuel
Production from Triglyceride: Importance of the Hydrocracking Catalyst and Separate
Deoxygenation/Hydrocracking Steps. ACS Catalysis 7(9), 6256-6267.

[6] Chaveanghong, S., Nakamura, T., Takagi, Y., Cagnon, B., Uruga, T., Tada, M., lwasawa,
Y., Yokoyama, T. (2021). Sulfur poisoning of Pt and PtCo anode and cathode catalysts in
polymer electrolyte fuel cells studied by operando near ambient pressure hard X-ray
photoelectron spectroscopy. Phys Chem Chem Phys 23(6), 3866-3873.

[7] Chintakanan, P., Vitidsant, T., Reubroycharoen, P., Kuchonthara, P., Kida, T.,
Hinchiranan, N. (2021). Bio-jet fuel range in biofuels derived from hydroconversion of
palm olein over Ni/zeolite catalysts and freezing point of biofuels/Jet A-1 blends. Fuel 293,
120472.

216


https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/oil/020123-europes-gasoline-diesel-car-sales-lose-majority-market-share-to-evs-for-first-time?fbclid=iwar2hjqb27yzpvj7rjo5r0-c4nirvauzoajpatqfoxcaugb4sqhmtyw8smqi
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/oil/020123-europes-gasoline-diesel-car-sales-lose-majority-market-share-to-evs-for-first-time?fbclid=iwar2hjqb27yzpvj7rjo5r0-c4nirvauzoajpatqfoxcaugb4sqhmtyw8smqi
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/oil/020123-europes-gasoline-diesel-car-sales-lose-majority-market-share-to-evs-for-first-time?fbclid=iwar2hjqb27yzpvj7rjo5r0-c4nirvauzoajpatqfoxcaugb4sqhmtyw8smqi
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/oil/020123-europes-gasoline-diesel-car-sales-lose-majority-market-share-to-evs-for-first-time?fbclid=iwar2hjqb27yzpvj7rjo5r0-c4nirvauzoajpatqfoxcaugb4sqhmtyw8smqi
https://www.scbeic.com/th/detail/product/7523

2024\
The 33" Thai Institute of Chemical Engineering and Applied Chemistry

International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

[8] Yang, H., Du, X., Zhou, L., Li, D., Hu, C. (2023). Enhanced deoxygenation performance
and coke resistance of Ni-based catalysts for jatropha oil conversion by rare earth elements.
Fuel 334.

[9] Liu,C.-y., Yang, H.,Jing, Z.-y., Xi, K.-z., Qiao, C.-z. (2016). Hydrodeoxygenation of fatty
acid methyl esters and isomerization of products over NiP/SAPO-11 catalysts. Journal of
Fuel Chemistry and Technology 44(10), 1211-1216.

[10] Dai, X., Cheng, Y., Si, M., Weli, Q., Huang, W., Yang, H., Zhou, Y. (2022). A non-noble
metal supported catalyst with potential prospect for hydroisomerization of n-hexadecane:
Second metal incorporated NiMe/SAPO-11 catalyst with superior hydroisomerization
performance. Fuel 324, 124517.

[11] Suérez, N., Pérez-Pariente, J., Marquez-Alvarez, C., Grande Casas, M., Mayoral, A.,
Moreno, A. (2019). Preparation of mesoporous Beta zeolite by fluoride treatment in liquid
phase. Textural, acid and catalytic properties. Microporous and Mesoporous Materials 284,
296-303.

[12] Hunsiri, W., Chaihad, N., Ngamcharussrivichai, C., Tungasmita, D.N., Reubroycharoen,
P., Hinchiranan, N. (2023). Branched-chain biofuels derived from hydroisomerization of
palm olein using Ni/modified beta zeolite catalysts for biojet fuel production. Fuel
Processing Technology 248, 107825.

[13] Richardson, J. (2003). X-ray diffraction study of nickel oxide reduction by hydrogen.
Applied Catalysis A: General 246(1), 137-150.

217




| B )
2024\
The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Sustainable Heat Exchanger Network Synthesis Using Linearization
Method

Dzata Hadi Nugrah?, and Kitipat Siemanond?*

petroleum and Petrochemical Collage, Chulalongkorn University, Bangkok, Thailand and 2Petroleum and
Petrochemical Collage, Chulalongkorn University, Bangkok, Thailand.
E-mail: * kitipat.s@chula.ac.th

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 COz emission variable into the SWS model and reducing nonlinear terms.
The credit gained from CO, 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; CO. 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.

e Heat exchangers use countercurrent model

e Heat capacities value is constant

e Heat transfer coefficients value is constant

2.1.0bjective Function
Obijective 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, CO> carbon credit, unit number, and area.

min <Ccuz qeu(l) — Ccucarbonz q(l,],K)
i 1K

+ Chuz ghu(J) — Chucarbonz q(l,],K)
LK

J .
+ Che z(I,L],K)+ ) zcu(l) + ) zhu(J)
20 e 50,
+ CAhe a(l,],K) + CAcu ) acu(l)
2 2
+ CAhu ahu([))
Z 1)
2.2.0verall heat balance for each stream
(TINI(I) — TOUTI(D)) - F(I) = Z q(1,],K) + qcu()
JK (2)
(TOUTJ() = TINJ(D) - FG) = ) a(L,J,K) + ahu())
K @)
2.3. Heat balance at each stage
(¢t = tiggn) - F (D = ) (1,1 K)
j (4)
(0.0 = UK+ D) - F) = > q(1.1,K) o
1
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(l,K) = ti(I,K + 1) (8)
tiJ,K) = tj(J,K + 1) 9)
TOUTI(I) < ti(I, NOK + 1) (10)
TOUT](J) = tj(J, K1) (11)
2.6. Hot and Cold Utility Load
(ti(I, NOK + 1) — TOUTI(D)) - F(I) = qeu(]) (12)
(TouT]()) — tj(J,KD)) - F(J) = ghu()) (13)
2.7. Logical Constrains
q(I,],K)—Q-z(I,]J,K) <0 (14)
qghu(J) —Q-zhu(J) <0 (15)
qgcu() — Q- zcu(l) <0 (16)
z(I,],K),zcu(l),zhu(J) = 0,1 a7
2.8. Approach Temperature
AL K) < (LK) — U, K))+T - (1—2z(I,], K+ 1)) (18)
ALK+ < (6iILK+1) —gU,K+D)+T-(1-2(,],K)) (19
Atcu(l) < (¢i(I, NOK + 1) — TouwtCU) + I - (1 — zcu(l)) (20)
Athu()) < (ToutHU — tj(J,K1)) + T - (1 — zhu())) (21)

2.9. Minimum Approach Temperatures

At(1,],K) = EMAT (22)
Atcu(l) = EMAT (23)
Athu(J) > EMAT (24)
dat(l,/,K) = ti(1,K) — tj(J,K) (25)
2.10. Area Calculation
Bexp

oo * 7 )

ajjk =
i Atij - Atyjpeer )
Atijk : Atijk+1 - 2 (26)
1 1 Bexp
o dicu (—UH(i) + UCU)
icu = . i) — 3
\ Atcu; - (TOUTI(D) — TINCY) Atcue (TOUTI(E) = TINCU) /
2 (27)
Bex
(L n L) p
o 4 \gc) T UHU
i HU ~\ Athu; - (TINHU — TOUTJ ())) v
Athw; - (TINHU — TOUTJ () 2 (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 Atdl;;x y and
Atd2; ; x m- EQ. (35-38) are the constrains to substitute Atdl; ; x y and Atd2, ; x s into area term

in Eq. (26-28), G, ; x v,m at EQ. (35) are represent of LMTD.

Z RTLIJIK,N * Atdll,],K,N S At[,],K S Z RnIJ,K,N * Atdll,],K,N+1
N N

(29)
Z RNy gy - Atdly g iy S Aty ger < Z RNy kean - Atdly ) kiane1
N N (30)
Z RmIJIK,M * AtdZIILK,M S At[,],K S Z RmIJ,K,M * AtdZIJ,K,M+1
™ ™ (31)
Z Rmyjkyam - Atd2; ) giam < Aty jger < z Rmyjgvm - AW2) ) ky1,m41
M M (32)
z Rnl’]’K’N = 1
N (33)
z Rmyjgiam =1
M (34)
(—1 —1 B G <0
qrjx ° + ) - z L kNM G kN S
UH(I) Uc(y) Lt (35)
Z Bryjknm =¥ -Rmy; gy <0
N (36)
Z Brjksinm —%¥Y Ry <0
™ (37)
Z Bryknm — Ay =0
N.M (38)

4. CO2Emissions 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 CO- [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 Overall CO2 Emission (After
Source for Hot and Calculated with Efficiency of
Cold Utility Combustion) (kg CO2 (kWh)?)
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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, 0.88
Lamtakong Jolbha VVadhana) '

Total 100.00

Natural gas, coal, and diesel oil data from Table 2 are the main sources of CO 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$/kgCO2 * ((0.6047 * 0.467kgCO2/kWh) + (0.1931*0.955kgCO2/kWh)
+(0.0137 * 0.748kgCO2/kWh))
Chucarbon 0.04$/kgCO- * (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/(mZK) 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 4431
H4 47215  339.15 0.06 5.319
C1l 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
CuU 311.15  355.15 0.06
HU 54415  422.15 0.06
EMAT =10
Table 5 Cost Variables of Study Case [2]
Che (%) CA ($/m?)  C($/kWyear)
HE 5291.9 77.79
CuU 77.79 53349*1
HU 77.79 566167*2
Note: ** cost variable for Ccu and *? cost variable for Chu
Ki K2
HI 433.15 ¢ » 366.15
.
H2 52215 o ——® ML
W 116.556 kW
H3 500.15 b ij T 3 & 330.15
H4 47215 @ & 330.5
i Gy 528.488 m2 i 264.073 m2
256,908 kW 362,685 kW 1o 156 SO L
Cl 433.15 ® o 333.15
254.050 m2
26,443 kW
2 w9515 ~-® e e ' 389.15
207.168 m2 ih—\:-f‘: :‘“ l
C3 494,15 « BN @ 311.15
C4 450.15 @ @ 355.15
C5 478.15 L 4 366.15

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

Figure 1 This Research Result of study case with EMAT =10

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 Total Annual Cost
(kW) (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.

Kl K2

HI1 433.15  d
H2 522.15
@ &
H3 500.15 &
T 381.623 m2
““'.I_%k“ 58040 kW

H4 472.15—— e

TR 467.04 m2 230,12 m2 20843 61,688 m2 270,406 m2

139,23 kW 618,92 kW 153.56 kW FrHoR KN 89,370 kW 122,337 i

Rihabhdil
Cl 433.15 '—’ | oo [F—— 333.15
167.04 m2 1237.184 m2 1264712 kW
618.92 kW l 323.127 kW

3515 89.944 2
C2 49515« @ e Sobew [— 36015
C3 494.15 @ l 311.15

—'——.
C4 450.15 ® ' 355.15
I8 |
C5 478.15 @ 366.15
-————

Figure 2 This Result of Study Case with EMAT =7

The amount of CO, 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 CO>/year.

6. Conclusions

The research presented the HEN model combined with linearization method and CO>
emission variable. Discrete temperature differences and the upper bound limit of Q, I', and ¥
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 CO, emission for sustainability energy and environment. EMAT value also affects the
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energy recovery, and the amount of CO> emission reduces. Choosing the EMAT value has
limitation due to the technology of heat exchanger.

Nomenclature

Set:

| = 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 | on
the hot side of stage K

F, = 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

Q = upper bound for exchanged heat

" = upper bound for temperature difference
Y = upper bound for areas

Reference

EMAT =
temperature
Atd = discretized temperature difference in
stage K

Variables:

At 1,3 k =temperature difference in stage k for
match between stream | and J

ATcu = temperature difference for match
between stream | and cold utility

AThu = temperature difference for match
between stream J and hot utility

g1,k = exchanged heat for hot and cold
stream match in stage K

gcu = cold utility for stream |

ghu = hot utility for stream J

Ccucarbon = calculation of CO, 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

exchanger minimum approach
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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/CHj 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 CO, and improve CO2/CHas
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/CHjs 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

227



The 33" Thai Institute of Chemical Engineering and Applied Chemistry
International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

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 PEIl/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-Ka radiation (A=1.5418 A).

2.6. Membrane Performance Test

The prepared membranes were packed in a size ¥4 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 CHs 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

228



The 33" Thai Institute of Chemical Engineering and Applied Chemistry

International Conference TIChE2024, Phra Nakhon Si Ayutthaya, Thailand,
March 7-8, 2024

Feed Retentate

Carrier Gas
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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 Eqg. (1) and Eq. (2) respectively.

_ Jit
© T Wio-Pix) @)
when P; is permeance of gas 7 [GPU]
J; is flux of gas 4 [cm*/cm? - 5]
£ is membrane selective layer thickness [cm]
(pi0 — Pix) is transmembrane pressure of gas 4 [bar]
3
when 1 GPU is 100 ——IF_
cm<-s:cmHg
Py
Qij = (2)

when  a;; is selectivity of gas 4
P, is permeance of gas 4
P; 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

Number of coating cycle
Pebax
. 9 cycles 10 cycles
concentration - -
(Wt.%) Se_lectlve layer _Membrane Sglectlve layer _I\/Iembrane
' thickness (um) | diameter (um) | thickness (um) | diameter (um)
7% 200.67 812.36 260.70 928.30
10% 282.15 966.67 330.59 1047.55
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7 wt.% 10 wt.%
9 cycles 9 cycles &

10 cycles

N —_ . S

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.

® Selective layer thickness
® Membrane diameter
°

1000

800 b

600 - e °®

400 L]

200 [ ]

Selective layer thickness (um)

3 4 5 6 % 8 9 10
Number of coating cycle (cycles)

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.
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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 26 = 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 CO>
compared to CHa, the selectivity for CO2 over CH4 is further enhanced in membranes with
thicker selective layers.

20000 - non-CL membranc
' . e
18000 |- ‘; CL membrane
|
16000 !'
~ 14000 F [
3 12000} I
= i
z 10000} i
2 w00 A
3 J
= / I
E  ocooof / i
4000 [ P
Mg S
2000 e \\::":f‘:“m.._,’_
0 1 1 I L L
0 10 20 30 40 50
20 (degree)

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/CHg 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/CHs 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-ZrO; 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 KNOs, with the objective of enhancing understanding of
catalyst.

Keywords: Glycerolysis; Catalyst; UiO-66 derived K-ZrO>

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-ZrO, is a mesoporous catalyst substance synthesized through a direct heat-treatment
process that involves loading KNO3z 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-ZrO, catalysts exhibit high
surface area and basicity properties [3-4].
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2. Experimental
2.1. Materials and Chemicals

Zirconium (1V) chloride (ZrCls) 98%, anhydrous, N,N-Dimethylformamide (DMF),
>=99.8% , Methanol and Potassium nitrate (KNOgz) 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 ZrClsand 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.

14 102got 1480C
Jgor, nanol
U= d met
| ” DMF 2f Solution
17— 1Ea
=
j = = = -
DMF 62 em? Calcination Filtration Drying
Impregnation Autoclave Use filter paper Washing Oven at 100“C
at 120°C for solution with DMF 3 for3h
24 h times after that washing

with methanol 3 times

J

LiiO-66 powder
Fig. 1 Preparation of UiO-66 catalyst

The preparation of modified UiO-66 (K-ZrO.), 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-ZrO, samples
were denoted as K-ZrO»-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.

KNO; was dropped-wise
Sotution

- . =] = s

Impregnation Filtration Drying Calcination UiO-66 derived
i Oven at 100°C for 3 Ovenunder N, for3 2Oz Powder
800 mg UiO-66 suspended  (se fitter paper ” hours after that oven
in 100 mL of dry n-heptane hours e ake ol S004C
After that stirred of 2 h at for 6 h
50°C,and stiredof 8 h S
after drop KNO,

Fig. 2 Preparation of K-ZrO, catalyst

2.3. Catalyst Characterization

The crystallographic structure and arrangement of atoms in a crystalline substance of Uio-
66 and K-ZrO were determined by X-ray diffraction XRD.

The decomposition Uio-66 after loading Potassium from KNO3z 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-ZrO, 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 KNOs 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.
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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, KZrO,-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) KZr0,-60-550; SEM of (C) KZr0,-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 KNOz-loaded UiO-66 catalysts
(60, 120, 180 mg percent of potassium). This discrepancy may be due to insufficient
distribution of KNO3s 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 KZrO-

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)

Ul0-66 26.93 28.60 - 43.67 0.79
K-Zr0O2-60-550 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 KZrO,-60-550;
EDX mapping (C) of KZrO2-120-550; EDX mapping (D) of KZrO,-180-550
4. Conclusion

In this work, we successfully to synthesis KZrO,, 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 KNOgz 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 KZrO 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 (V1) 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 (V1) 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 (H20>) 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
(OHe), 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 (WO:s) 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.

Oleic acid (C18H3402)
(OA)

Azelaic acid (CoH1604) Pelargonic acid (CyH150-)
(AA) (PA)

Fig.1 Oxidative cleavage of oleic acid

2. Materials and Methods

2.1 Material

Oleic acid (C1gH3402, 87% industrial grade), hydrogen peroxide (H.02,30% AR Grade,
ANaPure), tert-butanol ((CH3)sCOH, AR Grade, Loba Chemie), and the commercial catalyst
tungsten (V1) oxide (WOs3, Loba Chemie). The material for esterification was n-hexane (CeHa,
AR Grade, QReC), along with hydrochloric acid (HCI, 37% AR Grade, QReC), methanol
(CH30H, 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 (H20.), 6.417 mM tertiary
butanol, and 1.0% (w/v) tungsten (V1) 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 (V1) oxide catalyst was
separated by centrifugation at 3,000 rpm for 5 minutes. The liquid samples were subsequently
analyzed using GC-MS.
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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 °C
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 x 0.25 mm, 0.25um thick) injector volume 0.5 pL.
The initial column temperature was 80 °C and held for 2 min increased to 280 °C 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 H20> to oleic acid of 8:1 and a reaction time of 6 hours under autogenous
pressure.

Entry Reaction temperature (°C) 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. 39, 10-dihydroxystearic acid is formed from reactions at temperatures of 80, 130, 140,
150, and 160 °C; reaction time: 6 hours under autogenous pressure.
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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 vyield 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.

HC1 NaOH Impurities
Crude e . . Vacuum Purified
alycerol Acidification Neutralization Drying distillation alycerol

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 (EO3, 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 EO7

3 Inlet temperature of reflux condenser 13 Temperature of condensation receiver
4 Mass flowrate from P03 to E04 14 Mass flowrate from P07 to CO1

5 Temperature at EO8 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  QOutlet 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 EO3 and EO4.
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The subsequent step involves employing a deep learning approach. The process data and
simulated data of EO3 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
EO03 and EO04 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.

Process Simulation

EO03 steam usage

z
: -~ 4 ==
< H I —]
oneywe -_— E04 steam usage
Process dataset 1 - ' -
@ | (Sampling interval: 4 hrs) MATLAB Unisim Design Data generation Simulated data
Suite
é Training and validation
= 70% trainin, ‘
-—— -—= Ba .
2 —v"l:_j = 1 SN\ fodel with optimal  Testing
-— optimization
E ] 15% validation hyperparameters
3 Process dataset 1 & Data separation
a Simulated data T
R 15% testing
&) Establishing
Z Pretrained network steam allocator
E from Model E03 ’
é A ® Model for
= ’ Pretrained network —) —) steam totalizer
[~
= from Model E04 i
= Process dataset 2 ; l\/{odel t
(Z: (Sampling interval: 1 min) T evelopmen
= for VAC

Fig. 3 Modeling framework of SATLA.
3. Results and Discussion

3.1 Model Performance in Predicting Steam Consumption for EO3 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
etal., 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 EO04, the glycerol reboiler, in comparison to EO3, the
dryer heater. Subsequently, the models’ performance is evaluated. 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 R? at 0.9939. Also, model E04 performs well with a smaller MAPE of 1.2%,
while maintaining a commendable R? 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 EO4 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 EO4 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 R? 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
EO03 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 R?
EO03” Validation 1.0443 3.7345 0.9969
Testing 1.4255 4.9485 0.9939
EO04” Validation 0.8047 100.7932 0.9404
Testing 1.2192 67.8450 0.9710
Totalizerf 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
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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 hl.bar? 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. lodine 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.

c v

ﬂ[wh—ﬁ |

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 ul/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 I1) 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 cm? as illustrated in Fig. 2.
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Fig. 2 Illlustration 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 = 1)
Where V is the volume (L), T is time (h), A is the total area of the sample (m?), and P is the
pressure applied in the setup (bar).

Solute rejection is also determined using the following expression;

TXAXP

Solute Rejection = (1 — g—p) x 100 (2)
f

Where C, is the concentration of permeate (ppm) and Cs 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 um 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].

PAN 1 P1.5
Sa=1.047 um Sa=1.195 um

P3 P5
Sa=1.221 um Sa=2.197 um

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 cmt and 1736 cm that indicate the peak for bond of C=N and C=0 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™, 2857 cm - 2937 cm™, 1636 cm™?, 1143 cm™, and
1096 cm™. These peaks represent the N-H, C-H, C=0, C-O, and C-N bonds, respectively,
indicating the presence of Pebax®, which comprises polyamide and polyethylene oxide.
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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.
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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"
2ntpar?, 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-COOQOH). 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 [lIhre 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
[Sunetal., 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 H.02 must be broken down into Oz before O2
enters the Oxidative Cleavage reaction, and this is also another reason why H>O> 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 (CisH3402), and it is classified as a commercial-grade
product. The catalyst is Tungsten Oxide with a purity of 99.8%w/w (WQOs3) on a metal basis. It
is an analytical reagent (AR) grade produced by Alfa Aesar. The substance is hydrogen
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peroxide (H202) 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)3sCOH, 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% wi/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 0.25x10° m in diameter, with a particle size of 0.25x10°® m. The volume of the injected
sample was 0.5x10° 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 1.0x10 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 WOs 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
H20- into hydroxyl radicals. This was attributed to the enhanced breakdown of H>O> 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 H20- to form hydroxyl radicals is around
5.15 eV, as stated by [Crosley et al., 2017]. This indicates that UV-C can break down H,O; 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 O 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].

OH
a1 NN, HOHe — M/\-)\/\M )

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 H202 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.
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Fig. 4 the results of the under different conditions.
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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 (NaOCHa) 0.5 wt% based on the feedstock content) at 70-110 °C 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 °C 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
wit% 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.

H 0
] 1
H=C-0-C-FR Position sn-1
Q
7|
R"-C—-0-C—H Position sn-2
] 0
]
H=— C=0—=C—E"

| Position sn-3

H

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 ¢St and -10 °C, 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.

o deH
R R, /Rz C}'—R ‘3
—0

G:/\I L_/——j 0_\ D:{z 0 Ry
o + oo, — = o S 94<~ + o=( (a)
U\ 0 0—CH,

o
R n? R}’ =0 fatty acid methyl ester
3
glyceroxide anion

| 0
|\|) >:o T ) Q R,
R3 ] Ry L _Ro Ry
T 0
I I
Q 0
s L
‘o & g 5 &

+ ° ()
e =Y |

partial glyceride

Fig. 2 Chemical interesterification mechanism: (a) initiation, (b) propagation and
(c) termination [9].
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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 (NaOCHz) 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 °C).
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 pL of N,O-Bis(trimethylsilyl)
trifluoroacetamide (BSTFA) and 200 of uL pyridine. The mixture was heated at 40 °C for
10 min and then 1000 uL 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 Elite5SHT column (12 m, 0.32 mm i.d.
and 0.10 pm) using helium as a carrier gas at a flow rate of 10 mL/min. 1 pL 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).

H,C—OH H,C—OH
clj o) é b} ((Iil) R
HC— OH 0 HC—C §
H,C—O0——C—TR H,C—O0——C—TR
(a) (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 45.11
TAG-C48 0.87
TAG-C50 17.33
TAG-C52 21.32
TAG-C54 5.29
DAG 3.44
DAG-C32 0.23
DAG-C34 1.98
DAG-C36 1.23
Others 3.96
MAG 0.72
FFA 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
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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 hto 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).
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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% NaOCHj3).

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 wit%.

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.

Emm DAG 3 TAG @ Others —@— MO
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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 =1.5h
and 0.5% NaOCHjs).

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 NaOCHs. 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, a-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., 1td., 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 pum. 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), a-amylase (activity: 162,078 U/mL), and amylo-
glucosidase (activity: 230,110Ug/mL) were purchased from Nutitech co, Itd., 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 pL 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 pL of a-amylase. Finally, the temperature of the slurry was
cooled at a temperature of 60 °C. The slurry was saccharified by adding 88 pL 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; MgS04.7H20, 5; MnS04.S04, 5; KoHPO4, 1.5; KH2POs4, 0.5; biotin 2.5x10°. Main
medium was prepared the following (g/L): glucose, 110; peptone, 10; yeast extract, 5; meat
extract, 5; MgS0O4,0.25; MnSOs4, 0.01; (NH4)2SO4, 15; KoHPO4, 1.5; KH2PO4, 0.5; CaCOs, 10;
FeSOs, 0.01; CH3COONa, 2; vitamin B1, 1.25 x107%; biotin 2.5 x107.

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 pL of supernatant, 660 pL of reagent A (373 mL of methylcellosolve, 30 mL of 50 %(w/w)
FeCls and 600 mL of 0.1 M KCI which was adjusted pH to 1 by 1 N of HCI) and 370 pL of
reagent B (1 g of ninhydrin, 100 mL of 0.1 M KCI which was adjusted pH to 1 by 1 N of HCI)
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].

20 40 %
18 | === [-Lysine L35 =
= i o
16 | sm==w Remained glucose 2
g 14 | £
512 1252
= o
§ 10 1 20 ;
5 8 15 8
2 6 e
g 10 5
2 4 g
— | =]
52 > 8

5
0 0 2

AR grade Hydrolysate cassava pulp
Source of glucose

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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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 m?/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, silicais 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 HCI. 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 °C 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 °C 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 HCI 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 pum.

Pretreated RH

Acid pretreatment

Burning

Base digestion and
—

ncutralization

RHA
RHS

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 °C. 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
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where w; and wy are the initial and final weights of bottle and w; is the amount of adsorbent in

the bottle.

q_

Wr—w;j

Ws

O

—— Air compressor

Thermo hygrometer —— :[:] /
L A.) | 1
Vial containing Beaker

commercial silica

Vial containing

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
SiO; 90.15
Na.O 7.98
CaOo 0.72
FeO 0.54
NiO 0.31
CuO 0.30

As shown in the table, the main compositions of RHS are SiO, 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 m?/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 m?/g
Total pore volume 0.35 cm®/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 m?/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. 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 CO>
emissions from industrial processes that have the capability to capture and efficiently utilize the
substantial quantities of CO> 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 CO- 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/Al.O3 catalyst at temperatures of 140, 170, 200, and
230 °C using a CO2:H> 1:5 ratio, changing 1-propanol ratios of 1:1 and 1:0, GHSV 420 h%, 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% CO> conversion and 67.54% methanol selectivity. At 170
°C, the sample with 1-propanol has a higher CO. 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 (CHa), nitrous oxide (N2O), hydrofluorocarbons (HFCs),
chlorofluorocarbons (CFCs), and sulfur hexafluoride (SFe) 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 (CO>) 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 CO- 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 CO, 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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CO, + 3H, & CH;0H + H,0 AH® = —49.8 KJ/mol (1)

CO + 2H, & CH;0H AH® = —91.0 KJ /mol (2)
CO + H,0 & CO, + H, AH® = —41.2 K] /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 CO,, 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.
(A) (B)
CO+ H;0 2 €O+ Hy GO+ Hi0 & 60,4 By
co -/}/ co )/ \
H,0 HC00(a) + H(a) H,0 HCO0(a) + H(a)
)\ HO(a)
1H,
Py ”*CO(" ) HCOOR ROH

CH30H H M

2 H, CHy0H
Fig. 1 Illustration of two commonly accepted pathways for methanol synthesis
via (A) COz, hydrogenation (B) alcohol-assisted methanol synthesis.

Alcohol-assisted methanol synthesis from syngas consists of the reactions in Equations (4)-

(8).
Water-gas shift:

CO + H,0 & CO, + H, (4)

Formic species synthesis from CO., and Ha:
1
COZ+EH2<—>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 + 2H, & CH;0H + CuOH (7)

Cu reactivation:
1
CuOH +§H2 < H,0 + 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 H: 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 ht, 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 CO:
conversion of up to 26% are achieved.

2. Materials and Methods
2.1 Catalyst preparation

Before using the Cu/ZnO/Al;Os 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 (Al.03), 0.26 grams
of fiber, and 6.4 grams of ball, as illustrated in Figure 2.
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Inlet
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Alumina (Bed support) «—

Wool ~— o
Inside Thermocouple

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 N> 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 Hz 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/C3Hs0 ratio
140 11
170 1:1
200 1:1
230 1:1
140 1:0
170 1:0
200 1:0
230 1:0

In Table 1, a fixed reactor was supplied with a mixture of CO2:H> (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).

Mole flow CO - Mole flow CO_  x 100

%Conversion CO, Wole flow CO,_ (10)
%Yield methanol = Mok fj;:;;";:fggi - x1% (11)
% selectivity methanol = M‘;ZZOZ:ZZ‘ZZO;; 00 (12)
% selectivity CO — Mole flow €0 x 100 (13)

Mole flow total product

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
COz 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 CO. 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.
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Fig. 4 CO; conversion, Methanol yield and methanol selectivity in alcohol-assisted methanol
synthesis from CO2 and H with various temperature and ratio alcohol.

(Conditions: Cu/ZnO/Al>03 20 g, alcohol: 1-propanol, pressure 30 bar, total flow 100 mi/min,
GHSV 420 h', feed gas: CO2/H; = 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 COz2 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 COz and Hz 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 COz2 conversion (14.74%) and methanol yield (12.86%)
than the sample without alcohol.

4. Conclusions

It was discovered that methanol yield and CO> conversion increase significantly with
temperature within the investigated temperature range. However, at an operating temperature
of 230 °C, both CO; 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 CO, and H> 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 vyield (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 (R?) 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 maodel, 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
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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 (R?) 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

Model for predicting PM 2.5

« PM2.5
+ Temp, RH, Wind
J (speed, direction)

Data Collection

Test the model

Database

¥
Model

v
Deep Neural

Network
(DNN)

Measurement PM 2.5 in
ambient air

y

I
I
I
I
I
PM2.5 !
I
I
I
I
I
I

mass concentration

y

Compare the prediction models
(examine R?)

Selected model

A model for predicting the mass concentration of PM 2.5
from meteorological factors in the Bangkok area

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 Y othin
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 I/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 (R?) and root mean
squared error (RMSE).

2.4.1 R-Squared (R?)

R-Squared (R?) is one of the most popular metrics used to measure performance or the
accuracy of the linear regression, machine learning model. R? 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
0and 1. If the R? 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

Stations

Dindang Station (1 Year) Dindang Station (6 month) Chatuchak Station (6 month)

All: R=0.50793 All: R=0.64737 All: R=0.18402
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The values used to measure the performance and accuracy of the Deep Neural Network
(DNN) model t