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Large scale manufacturing: Success and Lessons Learned
Precipitation processes scale-up challenges

Reaction kinetics
Fluid dynamics and agitation issues

Thermodynamics
Yy COGs
Equipment selection
Process interconnection point
Technology transfer
CTQs
Toller evaluation
Products Lol
NN} | e
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. Large scale manufacturing:

Success and Lessons Learned

Eco-friendly routing
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Atom

Pathway Reaction

utilization(%s)

Metal 4 Zn(NOs)2.6H:0 + 2 Mg(NO3)2.6H20
Nitrate + 2 AI(NO3):.9H20 + NaxCOs + 16 NaOH 18.97
[18] > ZnsMgs Aly(OH),4(CO3).4H,0 + 18 NaNO; + 50 H20
4 Zn0 + 2 MgO + ALO; + 18 HNO; + NaxCO;4
Metal + 16 NaOH 1478
Oxide
=2 ZnsMg: Al:(OH)16(CO3).4H20 + 18 NaNO: + 5 H20
4 ZnCl2.4H20 + 2 MgCl2.6H20 + 2 AlCL:.6H20
Metal +Na2C0;s + 16 NaOH 28
Chlonde
=2 ZnsMg: Al:(OH)16(CO3).4H20 + 18 NaCl+ 36 H20
4 ZnS504.TH:0 + 2 MgS04.7H:20 + Alx(504)5.18H20
Metal + Na:C0s: + 16 NaOH 19.51
Sulfate )
= ZnaMg2 Al:(OH)16(CO3).4H20 + 9 Na:SO4s + 39 H20
Hydro- 4 ZnO + 2 MgO + AL:O3 + 2 NaHCO: + 11 H20
thermal 90.32
synthesis | 2 ZnsMgAly(OH)16(CO2).4H20 + NaaCOs
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’ Large scale manufacturing: Success and Lessons Learned
Crystal scale-up framework

Conceptual
Process
Design
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Large scale manufacturing: Success and Lessons Learned
’ Process synthesis of crystal scale-up
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. Large scale manufacturing: Success and Lessons Learned

Crystal Reactor Modeling

> Crystal suspension in a mixing reactor required uniform solid distributions
v' Kinematic similarity is defined for mixing scale-up
> The CFD model to
v' Represent a uniform solid distributions of well mixing performance in lab-scale reactor
v' Utilize the same model to analyze and ensure well mixing of commercial-scale reactor
> Establish the CFD model configurations

Multi-phase model: Eulerian granular model : =2 Recommended for modeling solid-liquid system

| % Provide sufficiently consistent results

Turbulence model: Standard k-epsilon mixture ; -
| # Save computational time

* Drag force

« Turbulent dispersion force i % Needed in modeling solid-liquid system

Inter-phase force:

Drag force model: Gidaspow (solid — liquid) = Give consistent results with experiment

> Validate CFD model by comparing with experiment (9L flatted BTM cylindrical vessel with 4 baffles)

O 9L flatted BTM cylindrical vessel with 4 baffles and turbine impeller O Experimental conditions O Samples taking at different locations to measure solid conc.
it Rotational speed: 990 RPM
: == Solid concentration in slurry: 14.2 vol. % 'ﬁﬂ;ﬂ
7 . Suspension time: 30 minute lacatan

Blad inclination: 45°

] ey
22 em
x Baffle width: 2 cm x
Baffle thickness: 0.33 cm
Baffle offset from wall: 0.25 cm

w W W W W W R
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Large scale manufacturing: Success and Lessons Learned

Crystal Reactor Modeling

> CFD simulation VS experimental result

O Initial time
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Solid volume fraction at steady stage

particles

are packed 3=
wezzel BT

aooounting for
14,23 of total

woluime

foett ""'--"l'l-l-t ----- " ‘1.:“_*1-‘.
WW&‘?’*}‘I AEXEREES """":" -------------------------- 'ﬁ."i"j m

O Simulation progress until velocity inside reactor constant, i.e. steady stage

3.5984
F 32386
T2.8787

[ 25189
[ 21501

Solid Velocity Distribution Solid Flow Pattern

1-A 1-B 2-A 2-B 3
Experimental Result 13.919% 13.983% 13.825% 13.675% 13.814%
Simulation Result 13.848% 13.922% 13.771% 13.851% 13.565%
Percent Difference 0.510% 0.436% 0.391% 1.287% 1.803%
> CFD model configuration is able to represent crystal particles suspension
v Prediction of solid volume fraction is very similar to the experiments, less than 2% difference
v Confidence of using CFD model for commercial reactor design




Large scale manufacturing: Success and Lessons Learned
PFD with less concern with process interconnection point
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’ Large scale manufacturing: Success and Lessons Learned
Process interconnection point
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Large scale manufacturing: Success and Lessons Learned
’ Simulation of Crystal filtration and Process interconnection

Flexible pressure filter pilot tests

Inside the vessel
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Large scale manufacturing: Success and Lessons Learned
’ Simulation of crystal filtration and Process interconnection

Leaf filter pilot tests

Heat is applied:
jacket 90C, hot N2 90C

(1 hr during separation and
bone dry cake)

After discharge -> sticky Before discharge
(Solid content = 25wt%) (Solid content = 35wt%)

* Measure specific filtration resistance
* Check the crystal compressibility

* Model the filtration dynamics and equipment selection through crystal properties and process technologies
* Know amount of filtrate, filtration area, and total cycle time to calculate capacity

[]
.......

TR LI SRR ERAVNERY. g
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Large scale manufacturing: Success and Lessons Learned
’ Simulation of crystal drying

m

* Find the suitable equipment
* Set the optimum drying condition
* Predict the actual drying time

- Leave filtrated cake onto surface of filter media (mimic the condition)
- After drying for 1 hr

* Predict and model optimal conditions for drying via mock-up test with equipment vendors
* As shown, stable upscaling is achieved through continuous rotation to prevent conglomerate crystallization and by
using shear force of agitator at the same time of drying

-
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Large scale manufacturing: Success and Lessons Learned

PFD
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Large scale manufacturing: Success and Lessons Learned
Precipitation pilot plant
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’ Large scale manufacturing: Success and Lessons Learned

CTQs and Application Needs

Connecting Application-A Needs

Mg, Zn s, A1-CO; withwithout Zn stearate, or other stearste types.

Mg Zn;  A-CO0; can potentially be:

- MgAl00,,
Chemical composition - Mz.Zm, AI-CO,,

- Mg,Zn, Al-COY,

- Mg, -7, A-CO;,

- Mg, :Zn; A-CO;,
Frimary particle size Platelet shape - 80 - 150 nm, preferable — 100nm (analyzed by particle size analyzer on wet samples)
Secondary particle size  Platelet shape : 200 nm— 5 pm, preferable =2 pm {D50: Medium value of the partide size distribution)
Density of LDHs 1,150 - 1,400 kg/m?
Shear Viscosity 6.8-E02 —1.0+E01 Pas
Surface area 50— 100 m/g, preferable —90 m'g
Mgisture contant < 2% (dry powder)
Bulk density 150 — 400 kg/m?

Connecting Application-B Needs

Forameters

Chemical compasition Mg, ACO;

Primary particle size 500nm — 3 pm with platelet shape |analyzed by particle size analyzer on wet samplas)
Aspect ratio (via Atomic Force Microscops) 20-200

LOHs Cake in EtOH or Ethyl acetate LDHs (suspension) 20— 20% solid content

LDHs Surry in EtOH or Ethyl acetate 5 —10% solid content

Water content < 4% im LDHs Slurry

N '-'- ", % S
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Large scale manufacturing: Success and Lessons Learned

Key Results: product properties similarity and product characteristics similarity
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Physical Properties
BET (m’/g) 25.08 + 0.61 27.94 4+ 253
Bulk Density (g/cm’) 0.18 + 0.06 0.13 + 0.01
Tap Density (g/cm®) 0.28 £ 0.10 0.17 £ 0.02
Moisture Content at 110°C (%) 0.78 + 0.35 110+ 0.24
D10 1.67 + 0.54 127+ 0.15
D50 722 +3.25 4.12 +0.36
; , PSD (Dried Powder Form) [Am
NCTC 5.0kV 8.3mm x50.0k SE(UL) D84 15.76 i 7.1 9.19 i 0.94
D90 19.53 £ 8.31 12.10 £ 1.46
100 T TTTTTITIT T T T T T T T - T T T bl B 12
s AT /,JJ*F“" T ] Composition Mg : Al 5.14 4 0.03 5.09 4 0.14
E 80 qLe
o 0l I . .
RN i”-‘% f » Scale-up study: integration b/w lab and
T s0f o6 scale up s the pilot plant
3 wf 1.,
5 0l . e 1M % [ v' Standardized recipe
L= ". o2 © Process v' P/V, RTD, mixing eff., heat input/removal
10 H 2 Development
o‘.[ﬁﬂ” T I B R R i 1 I L P X ) ey 0.0 rate’
04 06 0810 o s 2 4060 80100 200 v" Similarity: product properties & product
g characteristics
100 CTT T T T T [ T T TIT 0] r.,_:.—!—!—rﬂl—ﬁ-ww—I—-—I— L4 ‘/ Crlt'cal parameterS tO meet pI'OdUCt qua“ty
= °F /r' Jis v Processes can be and are simply repeated
= g0 |- = *
£ wf Tos g * Applying product properties similarity and product
£ jg; Jos & characteristics similarity to scale-up and produce LDH-BR
g s | - Joa & prototypes via pilot plant seem to hit the target which physical
5 fg N v '\-ﬁi Joa - & chemical properties are quite close to one producing in the
0 J:HH| 1 | L el | ‘\‘.T‘*.I-|h|h\l*l|ﬁ‘--\-—700 Iab Scale
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Large scale manufacturing: Success and Lessons Learned
Technology transfer - Raw Materials Specifications (Ex.)

i. Plant water

Parameters Unit Value
|Appearance Slightly Turbid
pH at 25°C 7-8
[Turbidity NTU 1.0
IConductivity at 25°C us/cm 393
ICalcium hardness as CaCO3 mg/L 49.5
Chloride as CI- mg/L 394
Methyl orange alkalinity as CaCO3 mg/L 72.8
Phosphate as PO, mg/L 13
Iron as Fe mg/L 0.06
Sulfate as SO,2 mg/L 38.6
[Total dissolved solids dried at 180°C mg/L 256
[Total hardness as CaCO3 mg/L 76.8

ii. Reverse Osmosis water

Parameters Unit Value
ICopper mg/L 0.0001
Iron mg/L 0.001
Manganese mg/L 0.0001
Sodium mg/L 0.1
(Calcium hardness as CaCO3 mg/L 1
(Chloride as CI- mg/L 0.2
IConductivity at 25°C us/cm 0.5
Dissolved oxygen mg/L 0.1
IMagnesium hardness as CaCO3 mg/L 1
Methyl orange alkalinity as CaCO3 mg/L 1
pH at 25°C 6-7
Phenolphthalein Alkalinity as CaCO3 mg/L 1
Phosphate as PO, mg/L 05
Silica as Si02 mg/L 0.5
Sulfate as SO,2 mg/L 05
[Total dissolved solids dried at 180°C mg/L 5
[Total hardness as CaCO3 mg/L 1
ITotal suspended solid dried at 103-105°C mg/L 5
ITurbidity NTU 0.1

L. & L T L T ) .
. : ; ‘. .‘; ‘.. ": : l::...r': :‘.,,-‘I._‘:.- T e T T -
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lii. Metal precursors and basic solution

Remarks for raw materials selection criteria

Zn(NO3)2.6H20 | Mg(NO3)3.6H20 | AI(NO3)3.9H20 NaOH Na2C03 ;‘;‘;‘r‘;’;
Solid/liquid solid (pellet) solid (pellet) solid (pellet) 50%w liquid | solid (pellet) solid (pellet)
Packaging 25kgs PP PEBag | 25 kgs PP PE Bag 20 kngaI;P PE
Assay (min) 96-98% 98% 98% 99% 99%

pH (10% solution) 3.6
pH (25% solution) 3-5
Bulk Density (g/L) 200-260
Moisture (%) <2
Melting point (°C) 210 -220
Sulphate ash (% 22 -24.5
Water insoluble (%) <0.01% < 0.002%
Sieve resu:'lj/s 100 mesh <05
lodine value (g 12/100 g) 1
Free fatty acid (%) <2
Loss in ignitionAfrying <2 N 010/
(%) Ba <50 i
Ca <500 < 200
Cd
Cu
a <700 <100 <50
Fe <500 <s <50 10
~ Hg
g K <200
e Mn <50
4] N > 107,000
S Na < 1,000
= Ni
E Pb <10 <20 <50
Na;C03 <5,000
NaCl <500
Fe,03 <20
NH4 <300
MgO > 154,000
PO4 1,000
S04 <500 <200 <200 300
SiO;
. e
- ) 3
ﬂ'ﬂmqrﬂri’ if"‘.ﬁ‘i .....

m.f"-’.}_
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There are some elements needed to be
cautious due to the fact that it will affect
product characteristics and qualities (such
as color) and chemical properties therefore
the raw materials must contain the least
amount of the following impurities.
Aluminum precursor is considered as major
contributor to Fe impurity in the final
product. High Fe levels in the final product
have detrimental effect on product

performance.
Na <300 ppm
Fe <70 ppm
Pb <1,500 ppm
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Large scale manufacturing: Success and Lessons Learned

Technology transfer - Preparation for basic solution and metal precursors (Ex.)

|. Mixed base solution

1) Weigh amount of RM-1 (solid — pellet) according to synthesis recipe [RM-1 = 531 kg] +7 kg
accuracy.

2) Fill the mixing tank with RO water until reach volume according to synthesis recipe [7,572 L].
3) Start an agitator of the mixing tank gently to maintain continuous mixing.

4) Gently fill RM-1 (solid — pellet) to the mixing tank.

5) Keep Stirring for at least 1 hour to ensure complete dissolution of RM-1

6) Drain RM-1 solution at the bottom or take it from handhold at the cover of the preparation tank
to cross-check all solid dissolved, solution should be clear.

7) Check RM-1 solution for pH and density vs. temperature using a pH meter, a density meter
and a thermocouple, respectively to make sure they are in accepted range according to table-18
8) Gradually feed RM-2 (solution 50 wt.%) according to synthesis recipe [2,826 kg] +7 kg
accuracy to the mixing tank via feeding nozzle® and keep stirring for 0.5 hour.

9) Drain mixed base solution at the bottom or take it from handhold at the cover of the
preparation tank to cross-check, solution should be clear.

10) Check mixed base solution for pH and density vs. temperature using the pH meter, the
density meter and the thermocouple, respectively to make sure they are in accepted range
according to table-2P.

HIGHLY CONFIDENTIAL Do Not Distribute Page | 18

Remarks

A Undissolved Na,CO, may cause solution properties off-spec such as a
drop in pH. An increase in mixing time and re-sampling of based solution
properties are recommended.

B Table-1: control value for Na,CO; solution

“ Densiy (kg/m’)

Na,CO; solution temperature (°C)

20
25 (preferred)

30

€ During mixing, exothermic reaction where heat is liberated.
D Table-2: control value for mixed base solution

“ Density (kg/m?)

Mixed base solution temperature (°C)

20
25 (preferred)

30

-
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Large scale manufacturing: Success and Lessons Learned
Technology transfer - Preparation for basic solution and metal precursors (Ex.)

Il. Mixed metal solution

1) Weigh amount of each metal salt (solid — pellet) composition according to synthesis recipe

[RM-3 = 1,284 kg, RM-4 = 1,879 kg, RM-5 = 2,979 kg] +7 kg accuracy each.
2) Fill the mixing vessel with RO water until reach volume according to synthesis recipe

16,713 L].

3) Start an agitator of the mixing tank gently to maintain continuous mixing.
4) Gently pour metals salts to the mixing tank.

5) Keep stirring for at least 1 hour to ensure complete dissolution of metal saltsE.

6) Drain mixed metal solution at the bottom or take it from handhold at the cover of the
mixing tank to verify complete dissolution of the solids, solution should be clear.

7) Check mixed metal solution for pH and density vs. temperature using the pH meter, the
density meter, and the thermocouple to make sure they are in accepted range according to

table-3F.

HIGHLY CONFIDENTIAL Do Not Distribute

Remarks

E Undissolved metal salts may cause solution properties off-spec such as a
drop in pH. An increase in mixing time and re-sampling of mixed metal
solution properties are recommended.

F Table-3: control value for mixed metal solution

Mixed metal solution temperature (°C) “ Density (kg/m?)

20

25 (preferred)

30

-
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Large scale manufacturing: Success and Lessons Learned
Technology transfer - Critical Process Step to make the crystal (Ex.)

Mixed base Remark for the spray nozzle
lutio : ’ Remarks for the aging reactor

7 » Geometry of the baffled reactor

1R with 6-blade turbine impeller with

- i ] two levels (Total Liquid Volume -
: f 101.3L)

225.00 _ } \ » As crystal slurry requires well-
i T mixing during the synthesis and
Full cone spray pattern ' So e : aging step. The multiple-stage
5000 = =t \__ L\ eam o turbine impeller for instance 6.
o blade turbine impeller with two
levels with a baffled vessel is
suggested to provide well-mixing
of slurry in the aging reactor. To
confirm well-mixing inside the
reactor, computer fluid dynamic
such as FLUENT or SOLID
WORK flow simulation should be
carried out to investigate internal
mixing profile and behaviors.

1) Feed all mixed metal solution from the mixing tank to an aging reactor to fill up heel volume.

2) Start agitator of the aging reactor at P/V = 1.0392 kW/m?3 to maintain good mixing efficiency.

3) Start monitoring and recording pH value continuously.

4) Feed mixed base solution from the mixing tank via the inlet spray nozzle to the aging reactor via the feeding pump within

1-0.5 hours (feed flow rate around 9-18 m3/h) while stirring. Record feed rate of the feeding pump in process record. Final

pH value should be around 85 :0.2.

5) Stir for 0.5 hour then record pH value in process record.

6) Add slowly base solution 50 wt.% from base solution tank to adjust pH of the slurry to 10 :0.2 under continuous stirring.

7) Stir for 0.5 hour then record pH value.

8) Remove pH probe and seal the reactor. pressure vessel with the two-

9) Start heating the reactor to final aging temperature +:5°C accuracy according to synthesis recipe [140°C] with a heating S| . . levels impeller and 4 baffle tank.
) ] ! , o . urry pressure while aging at . .

ramp rate of not more than 7.4°C/min; record temperature profile and record slurry temperature while continuously stirring 140°C is around 4.65 kg/cm? The 6-piched blade turbine was

the slurry. selected for preparation of well

10) Aging the slurry as defined according to synthesis recipe [4 hours].

11) Cool down slurry below to 80-50°C for further processing.

The co-precipitation is done in the

M
T e B R R R e A L L

CLEETEREY S Ty aaes

F -l"-ﬂ'."‘".-l-t...h-"‘-_-
TR TING

335335559885
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Large scale manufacturing: Success and Lessons Learned
Technology transfer - Critical Process Step to make the crystal (Ex.)

pH slowly increase from pH=1 then gradually increase to pH=3 after mixed metal solution is
added. The pH of the slurry then showed two significant step ups: The first one is a step during
pH reaches 3. The pH will suddenly jump from pH=3 to pH=5 then it remains stable before going
through another abrupt elevation at pH=6. The final pH would be pH=9 after everything is mixed

h d h Id b d . d H 10 . N OH I . 50 (y @M‘SCG LDH P v |FR Process D and Control Process Data Record Sheet [Additional Request :
together and then would be adjusted to pH =10 using NaOH solution 50 wt%. ot Record Shoct ‘et mambor L e
Date Time | OO
Agitator speed | Temperature | Time Control Process Record Data
ey (=S (RPM) ) (hr) Process Date Time | Sample Lable | voume (R
10 1 |Raw material preparation R RT
pH profile during synthesis % [pemtna « vomogerany
" N(INO3)2 6H20 ]
QNO2.6H20 I
R s [ some
—e— FRO6 NaoH
Na2CO3
8 RO NaOH (for pH adi
®—ERD8 3 |pH Adjust + Homogeneity 450 RT 10 min |PHna =9 PHinal =
FROS PHatter agust = 10 PHatter agust =
5 . 4 |Hydrothermal (aging) rad Heating time =
FRIO Heating rate = 1.4 C/min 450 140 for raisin g |Heating time = 100 min Level in reactor =
FR11 Heating time = 100 min tomp)
6 5 |Cooling down reactor 450 <50 1hr
—e—FR12
600 uS/cm
.. ®—FR13 & |CRMwashing _T Shr |VelmeGip s 2040
= (DI washing) [Totavolumosuny -cire85-L
—e—FR14 oo oo
B —&=ER15; 7 |Filter press - RT 3hr
—e—FR16 s T -
Wet surface treatment 350 80 (4100 Mo |S1UITY volume =95 L
—e—FR17 catsing ter) | T@MPsury = 80
3 o—rR1i8 Prepare NaST 5% Liquid - 80 - Completely dissolved
fR1 9 |Cooling down reactor - RT 1hr
ERZ0 10 |Filter press - RT 3hr |%solid content = o) wet cake (9 =
2
11 |Washing R RT R i <80 uS/om ductivity -
FR21
12 |Oven dry - 110
FR22 =
1 13 |Centrifugal mill - RT sieve = 80 um
— RPM = 10000
12 |Oven dry - 150 - |%moisture content<3%  |%moisture content =
(o] Comment :
o 5 10 15 20 25 30
Synthesis time I a ble_4. prOCESS reco rd dataSheet

Remark for the critical item

Table-4 above is process record datasheet where process condition and
parameters are collected to control final product such as RPM, temperature and
time. Also, the criteria which needed to be considered to make decision whether
slurry could be processed to the next steps.

pH profile during synthesis is the crucial step to be successfully produce HFZ2 seed
material. The profile of pH can be used as an indicator for guidance of synthesis step. Missing of
pH profile during synthesis may be caused by failed quality specifications of raw materials
during preparation step, missing of base solution, or base solution feed flow rate. If pH profile is
not in accordance with the suggested profile mentioned above, it's recommended to stop
synthesis step to re-assure qualltles of raw materials including flow rate of calibration curve for

‘l't--.-
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’ Large scale manufacturing: Success and Lessons Learned

Global H&M balance

Mg(NOZ)2 = 248 kg 1.580 kg

AND3)3 = 120 kg —
MNaCH = 851 kg —— |
Na2C03 = 67.8 kg—| | co-precipitation or Colloidal mill |
Purified water = 1,051 kg 4 -
Solid content = B.Swt% (1,520 kg)
Heat reguired to raizse slurry —=
temperature from 25 to 65°C | AgIng reactor |
= 53.49 kacs| L it = & 166 k)

. Solid content = §_3wi% [1.5280 kg)
:I Ceramic membrane |

Purified water = 1,822 kg

|, Solid content = 10.7wt% (1,158 kg)

Filter press | = WV = TE9 kg
I Solid content = 30wt (380 kg)
EtOH
EtCH = 1,081 kg dispersion
tank

L
organ. Sol. AT =

Separation Unit 151 kg

[LDHs vs. EtoH) [+ Used EtCH = 830 kg——

Wiater = 101 kg .
Solid fent = 30wt (280
Heat reguired to evaporate EtOH = 151.4 kg olid con [ ki)

- Water B B4kg = 53.54 Mcal _ ’:l
- EtOH 151.4kg = 30.74 Mcal ' IE‘""”E
Wiater = 2.18 kg

- Total = 84.28 Mcal
Heat of vaporization EtOH (< 0.5 ppm)
- Water = 2257 ki/kg
- EtOH = B45 ki/kg

Moisture content = 2%

L3
Crystal particles

P el L T g %, ln"l- %

. ¥ o't.'."'- e e ‘kﬁ"l.
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| *WY = 2,043 kg

L

Purified EtOH = 732 kg'h

EbOH recowvery unit
[25MTS, EtOH purity = 95witH)

Reject
=148 kg'h

|

Reboiler heat duty

= 1.46 Mkcal'h
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Large scale manufacturing: Success and Lessons Learned
Global H&M balance and cost structure

LITITTIITTE
= EmIMWEERT i himiln 130k.74 11#al Hpmp oL INEE, HI L] 0, k70 k0 170,303.2% J3,413.00 3,0134,130.0
oF ol malen sl INEE 31711 4.11 [TFITTR ] [ B 4 40, 7kk. 4% 03, 031.44 NN, 33%.37 H,103,3%3.7]
i: Tulln B snguesll sunamll §in sgmy ! Fu 437 EEEEEER EEEEEEE EEEEEEER
Tulls H suguunl sunnmil B0n sgmy an Ik 430 A, 14T
Tulls H suguunl sunnmil B0n sgmy FA 440 EEEEEE EEEEEEN EEEEEEEE
Enl [HEE] 1.1n 170 43.9% 41319.0k
S,
=Conn Do Bal=Dal Do puone I3 oomB o oomeemnn prwd malen I0md 2. Cimnmphim ol pal milo bo sl 2300 n.ra 1.71 1n.00 100.00
*Evoe Jn Ll=lal Hhon proen 3m3 oo pemonmnn prud milo Bnd 4 Eul|umE] LELL 5.0k .34 1.7
*Mampahon mle] [INE] ma ]
4111 E
213 : Wl kol TN 1] 17.20 [ LY ] FEER L F aEmaam
1I0k.04 ey L1 R[] L.kl 41.710 Ihbh.0Y 170317
T [INEE] im 41.11 LI E] 1.7 1241 .40 bl I PLE]
T uli JINE] i 4.10 LN M ] | B ] 11.70 Thh.HY Lk b M
T Lms [INEE] F am 4.4 vae] 51z 1.a% i [N ]
mn'T el [I0E] ELE] 101.17 S [T E 1.44 1h.ki hh.24 k.74
T Ima [IREE] 471 ELL P LI E] 1 L) 1 J

1 1 1 1

LAl [ -1 1] EELFLIL
| FELE] 40,404
seguenlo malun [L7] [11] [ L}]

Tullu B snguasl sunnm (W ILTTT] (]| Finm
Tulls H suguunl sunumil B0n Hunnn EEEEEE EEEEEE
Cul [REE] 14.97 11,34 10311.13
" LITTTTIIT TS
] LR LN ELRT L] ECRER AR LI 4] ”J"H"I I:I:IIIIJII:IIL!“
L] Tulln B suguesl sonnmil sl mmy N 1x.44 493 JIEN.N A, FIE4."
n Tulln B suguasl ssnsmi sl mmy N 4N E4N ENEEEN LLEM-1 1] EEEEEEEN
el I
- Eul [HEE]
LITTTTIIT TS
Tulln B suguesl sonnmil sl mmy N 4.40 EL L L L L] LLLE ]
Tulln B sugunnll sunnmil sl mmy N IN,IN3 FAEIR ENEEEER ENEEEEER
Cul [REE] L1 B 41k.kk 17031 B LEMT]
FITTTTINT T
LR R I L L LN ELE] FLE] 1§3.37  CM|EEE] Ho himlap o F1INGE, A1 L]
aF gl I ol pomlommy w onnnn T 1w [IINE] ELE] 3148.831  CMA|EEEC] Bnli IREAT L]
T suguunl sunemli §0n Hun On
Tulln B suguasl ssnami E0x Bun in EF L)
E Tulln B sugunnll sunnmil §0n Hun O ENEEEE ENEEEEER
Cul [REE] 13131.30 1743101
L ITITTIITTY
«aP il malin sl HEE ma 4.31 CIA|ECC] LTI LI PRI J0,13k.04 13k, kE4.10 [ LT P N, 0k7,Ik3.70
Nl IREAL U] EL ML - 101, 347.3k 400, 30%.4] 4,101,0%4.02
Tulln B un AN kR EEEEEE LIEMEL] EEEEEEEN
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Large scale manufacturing: Success and Lessons Learned

Global

H&M balance and cost structure

VARIABLE COSTS
Raw materials Quantity (kg) Cost per Unit (high side) Cost per Unit (low side) Cost of RMs per kg [USD/kg] RMs: Zn/MgfAl  RMs: InfAl % Reduction
Zn{NO3)2.6H20 280312 246 122 Low side, sourcing by SCGC [USD/ke] 212 1.90 10.50
MgiNO3)2.6H20 124650 125 0.22 High side, sourcing by SCGC [USD/kg] 5.00 3.74 25.10
Al[NO3)3.9H20 182424 128 0.68
MNalH 50%w,/w solution (ASTEC-2 price) 325446 0.54 0.54
MNa2C0s3 (only one source) 515 5470632 0.40 0.40
RO water - synthesis (ASTEC-2 price) 13875.55 0.02 0.02
Water washing 150.00 0.02 0.02 | .I
Product [kg) 1752.17
Process steps Q required (kWh) Q required [Btu) Electricity cost in China |ctricity cost in USA, Geor
Aging 4247 14 480691 | & 40766 | 5 52062
Drying 29,970 102,262,791 | 5 2,B7715 | 5 3,674.35
Grinding - jet mill 2,735 0,332,027 | & 26255 | & 335.50
Grinding - impact mill 012 3,110676 | 5 B752 | 5% 11177
Dry surface treatment 94,242 328,390,290 | 5 9239.20 | & 11,799.23
Wet surface treatment 2,534 BA45288 | 5 24323 | 5 310.63
YARIABLE COSTS =i e (Ehin C3Es
i Aging + Drying + Diry surface breakment + Grinding - jet m A &ging * Drying + Dry surface treatment + Grinding - E1 &qging + et surface treatment + Drying + Grinding - impact mill E] &ging + et zurface kreatment + Drying + Grinding - impact mill
1] Riaw materials high side I 730 8 azs 3 006 3 il
2| Raw materials low sids 413
VARIABLE COSTS Process A mmpmuss B Prol-::i:s B
High t 1454 a6l |t 10,15
Lo 1 145 % 6.20 | § 6.7
Ty aeleiiin.
TS 5SS S L L S
PEAA A2 2 0 X 3 3 33 3
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Large scale manufacturing: Success and Lessons Learned
Global H&M balance and cost structure

Electric cozt in thailand iz 3.7 Bathikwh
Rxchange rate on Feb, 4 2020 is 3153156 bathi' 0_10 $lk'Ww'h

G.6475T1502

. . A . . Reactor size (m3) 01 Reactor size [(m3) 0.5 Reackor size (m3) 2 Reackor size (m3) 20
= Eempancts Price per kg [USDikq) High side SEG CH zurcing weight [Kg] | Price (030 Weight (Ka] | Price [U30] Weight [Eg] | Price [U30] weight [Ka) Price [U0]
g Zn[MNO3)2.6H20 ] 14.25 3515 6595 163,55 275.07 ETT1.TE 253312 T25.64
-é Ig[N03)2.6H20 125 A 1.72 2313 3128 115,55 145.67 1246.50 1563.61
5 | AIND3)5.8H20 128 3.00 152 4350 5563 175.45 221.54 1524.24 233321
E\. Ma0H S0Xw!w solution [ASTEC-2 price] 054 16.06 572 TT.60 4213 50943 16:5.01 S254.46 1TET.05
= | Ma2CO3F [only one source] 040 2.54 1.02 12.23 4.92 43.02 13.61 515.547063z2 20622
E R0 waker - synthesis [ASTEC-2 price] 0.02 65.43 1.05 330.85 5.23 1319.25 20.56 13575.55 213.37
= RM total cost 6524 51547 125676 13215.08
% | RM total cost per kg product §.65 1.54 41175 1.54 166.53 1.54 175217 1.54
. . - . . Reackor sige (m3) 01 Reactor size (m3) 0.5 Reackor size (m3) 2 Reackor sige (m3) 20
E Eempancnts Price por kg (USDikg) Lew zide 206 CH zourcing Weight [Ka] | Price (U350 Weight [Ka] | Price [U30] Weight [Eq] | Price [U30] Weight [Ka] Price [U0]
_'é Zn[M03)2.6H20 133 14.25 17.42 6535 5416 27507 5E5.53 283312 S523.60
=+ | Mg[NO3)2.6H20 03z 615 137 2373 6.63 115.55 26.44 1246.30 275.06
i;.f AlNOF)3.3H20 068 3.00 612 43.50 23.55 175.45 17.34 1524.24 1240.43
= | NaOH S0%wiw solution [ASTEC-2 price] 034 16.06 &.72 17.60 4213 F09.43 16501 325445 TET.03
Mi MN22C05 [only one saurce] 040 2.54 1.02 12.23 4.82 43.02 13.61 GI5.5470532 206.22
:‘7" RO water - synthesiz [ASTEC-2 price] 0.02 65.45 1.05 S30.85 5.23 1:313.26 20.56 1357555 213,37
= [RM total cost 3574 1T2.65 GiE5.44 T240.77
T | BM total cost per kg product 5.65 413 41.75 413 166.53 413 15247 413
) Reactar size [m3) LR Reactar size [m3) 0.5 Reactar size [m3) 2 Reactar size [m3) 20
Components Frice per kg (UEDMkg) ASTEC-2
_ wheight [Kg) Price [LIE0) wfeight [Kg) Frice [LI20) wheight [Kg) Price [LIE0) wheight [Kqg) Frice [LI20)
A Zn[M03)2.6H20 200 14.25 4257 6535 207.11 27507 S25.54 283312 SE55.52
E lg[MO3)2.6H20 149 615 3.20 2373 44.44 115.55 117.20 1246.30 1563.77
AlNOF)3.3H20 1150 3.00 10352 43.50 50013 175.45 133425 1524.24 2087501
'E Ma0H S0%wiw salution 034 16.06 &.72 17.60 4213 F09.43 16501 325445 TET.03
N=2C03% sz 2.54 21 12.23 10.21 43.02 40.70 GI5.5470532 42811
E RO water - synthesiz 0.02 65.45 1.05 S30.85 5.23 1:313.26 20.56 1357555 213,37
RM total cost 167.50 §03.25 F226.63 F3938.02
BRM total cost per kg product 5.65 13.57 4175 13.57 166.53 13.57 175217 13.57

el -;.En';li!;

i 1%

R3990 59559 9353 4 2 SCGC
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Estimated Total Costs UsD/kg T.76

Large scale manufacturing: Success and Lessons Learned

Ushyiks %
Cost structure O Mbed bass/sate 00| ox
1. Azing 438 L
2. Waterwashing-1 0.0z 0.23
RMs 3. WetsT 131 18
0. Mxed base vessel -
moscbase — g | 4. waterwashing-2 000 Q.05
Purified water  — | VEEE 5. I}"g,"ng 1.64 H
Variable costs estimation [ E'EEE."HE 0,50 &
£nergy cansumption fwh - T, WW treatment
M |X| n Vesse| Energy cost for mrsd baze zol |f1'o|| p'@pa'a_t'nn uznfkz -
g N Labor cost for mixed base soiution preparaton usbikg oo T Estimated Total Costs - nitrate route 7.76 100
(1 Om3 2) Fixed costs estimation size [m3) | Pprice [uso)
capital cost for the mixing vessel usp 383,555 0.05 15,066
Muxing vessel ifetime Years 25| 10 383,555

Allocation cost of fived
Fixed cost at toller

0.02 $/kg Treatment agent 5wt%
0.21% l

Crystal
Aging reactor siurry Filter press Purified wet cake | Mixing reactor Treatedslurry | Filter press Treated wet cake powder

(20m3) for water washing-1 | forwet ST "|for water washing-2 Dryer

\ 4

A 4

Bagging

Feeding time 0.5hr, pH=10  Conductivity >100,000 us/cm to < 600 us/cm Mixing at 80 oC, 1h Conductivity 1,000 us/cm to < 80 us/cm moisture residue
Aging at 140 oC, 4h < 3wt%

A 3. wetsurfzce vestment - _—
i LOH sl < * Surface trazment agand Mixing Purified/treated LOH slurr
A o slurry suried oM shrry purified LoH slurry s | Treated LOH slurry Trested LOW slurry — [ foctesker i Pusifiedtreated LDH slurry

[T p— s — arcate ’
-— sging 2tiane, fueteske) et cake) conductyty 1,080 /e to < 50 s/
S N ’ T o ity 000 /e 1o 80 sfem -

‘Conductvity 100,000 Us/am 10 500 us/cm
(@) Varabecosts simation Variablecosts esimation worg . oo
— Hartate usoes | oot s usorkg LE wn csonis -
1 Usoikg an ~Energy consumgton wh Energy consumption kwh 1,889 Usbrke 15/kg.
()] swh G207 ey cost usp/is Energy cost for wet ST uso/kg 035 usorkg
e usoikg 0z Labar costfor water washing- usp/iz ooz Lsbor cost for wet 5T uso/ke 0.0t
_ o 7o
© oG oot VoS P CiERRA ot Plant — Ve O 5 $/k
e Fixed costs estimation Size {m3) | piice (USD] : timati Size (m3)|_Price (USD) e — - g
- —M_}uig; Capalcos or o s res uso P ) capial costfor the mising vesss o [ o] T I —
zZ = o [ msuse] - — g vess e Ve zl e | ]
_ _ ‘Allocation cost of fued
—] e cost ttover
™ L ]
. e 'u'-"."‘.' "...'...:. ", % Ny % 4, o
- e . . o
. e e
.,-.'l.‘i-"l“-* e, " * .
L . g F Pl

i PR TR, PL o -'_l ; . 2
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