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[bookmark: _Toc192965612]HSC Chemistry® 
The HSC Chemistry® 10 software includes a Flowsheet Simulation (Sim) module which was used to simulate the hydrometallurgical and the pyrometallurgical phase in the treatment of waste Li-ion battery cells. For these simulations, the software uses the thermodynamic and chemical data of a wide variety of substances and compounds collected in its own database. Some of the substances needed for this study however were not available in the HSC database. They had to be registered manually and their thermodynamic data was sourced from literature or from HSC’s estimates, as shown in Table 1. 

[bookmark: _Ref160762352]Table 1. Summary of substances/compounds that are not available in the HSC Chemistry® database that was used in this simulation.
	Substance
	Data Source

	Polyvinylidene difluoride (PVDF, C2H2F2)
	[1]

	Lithium hexafluorophosphate (LiPF6)
	[2], HSC Estimates

	NMC cathode material (LiNi0.6Mn0.2Co0.2O2)
	HSC Estimates



A feature of the Sim module is the Gibbs wizard. This feature allows for users to calculate the equilibrium amounts of the output. The equilibrium temperature, pressure, as well as the amounts of input and the expected outputs (as phases) can be specified while the software automatically does the backround thermodynamic calculation [3]. This module was used in almost all the process steps of each simulation, both hydro and pyro processes, except for the heaters, and filter in the hydrometallurgical process. 

Both the heaters and filters in the Sim module of HSC are few of the equipments that have ready-made unit models i.e., predefined formula and parameters to calculate the output. You only need to make sure that the input and output streams are connected to this model correctly, and indicate the parameters required (e.g., %moisture for filters, type of flow for the heaters, etc.). 





[bookmark: _Toc192965613]NMC battery cell composition
The composition of the feed battery cell and black mass used as feed in the process simulation was calculated from the cited literature. 
Table 2. Average material contents of an NMC cell  based on Wang et al. (2016).
	Materials
	Wt (kg)
	Wt%
	Phases
	Wt (kg)
	Wt (%)
	Remarks

	Al
	3.60
	8.51%
	Al
	3.42
	8.09%
	Assumed to be from a mix of the cathode current collector and the cell casing

	
	
	
	Al2O3
	0.18
	0.43%
	Those from cell casing is assumed to be partly oxidized (5% of the total Al content).

	Co
	0.80
	1.89%
	
	
	
	Assumed to be from the NMC cathode active material, which is assumed as NMC622

	Cu
	6.90
	16.31%
	Cu
	6.90
	16.31%
	Assumed to be from the anode current collector

	Li
	1.00
	2.36%
	
	
	
	Assumed to be from the NMC cathode active material, which is assumed as NMC622

	Mn
	3.20
	7.57%
	
	
	
	Assumed to be from the NMC cathode active material, which is assumed as NMC622

	Ni
	3.40
	8.04%
	
	
	
	Assumed to be from the NMC cathode active material, which is assumed as NMC622

	Graphite
	8.70
	20.57%
	C
	8.70
	20.57%
	

	Carbon black
	0.80
	1.89%
	C
	0.80
	1.89%
	

	LiPF6
	6.20
	14.66%
	LiPF6
	6.20
	14.66%
	

	Ethylene carbonate (EC)/others
	4.40
	10.40%
	
	4.40
	10.40%
	Other electrolyte components assumed to only ethylene carbonate

	Binders
	1.20
	2.84%
	PVDF
	1.20
	2.84%
	Assumed to be polyvinylidene difluoride (PVDF) based on Jung (2023)

	Plastics
	2.10
	4.96%
	PPE
	2.10
	4.96%
	Assumed to be from the separator, usually polyethylene (PE) and polypropylene (PPE) in commercial cells (Vuorilento, 2018). Assumed to only be PPE.

	
	
	
	LiNi0.6Mn0.2Co0.2O2
	8.40
	19.86%
	Assumed balance is the NCM622

	TOTAL
	42.30
	100.0%
	
	42.30
	100%
	




Table 3. NMC622 black mass composition based on (Woeste et al. 2024).
	Element
	From literature
	Possible Phases
	kg
	%
	Remark

	Al
	1.92%
	Al
	18.23
	1.82%
	From current collector residues, assumed to be in pure form as required for the battery

	
	
	Al2O3
	0.96
	0.10%
	Assumed oxidized Al is about 5% of the total Al. Assumed to be from the cell casing since it is in the exterior of the battery.

	Cu
	1.30%
	Cu
	12.95
	1.30%
	From current collector residues, assumed to be in pure form as required for the battery

	C
	29.24%
	C
	292.42
	29.24%
	Graphite used is assumed pure C

	Fe
	4.56%
	Fe
	0.00
	0.00%
	Assumed to be not present in this case since there are no Fe sources from the NMC cell based on Wang et al (2016).

	Li
	4.52%
	LiPF6
	0.53
	0.05%
	

	Ni
	22.92%
	
	
	
	

	Mn
	7.15%
	
	
	
	

	Co
	7.58%
	LiNMC622
	623.68
	62.37%
	

	Others
	20.82%
	PVDF
	51.23
	5.12%
	

	TOTAL
	100.00%
	
	1000.00
	100.00%
	





[bookmark: _Toc192965614]Hydrometallurgical Recycling of Black mass
[bookmark: _Toc192965615]Slurry Preparation
The recovered black mass (BM) from the pretreatment of the waste Li-ion batteries’ (LIBs) cells, with the composition shown in Table 2, was first prepared as a slurry before the leaching stage. Note that for the calculation of the BM recovery, it was assumed that an average 20 hour operation per day treats 1000-kg waste LIBs cells that produces 244.63 kg of BM during pretreatment (See Supplementart File No.1). This is equivalent to ~12 kg/hr of BM prepared as slurry for the hydrometallurgical treatment. Due to this low value, the simulation feed was assumed to be 1000 kg/hr of BM instead.

[bookmark: _Ref160405234]Table 4. Initial  black mass composition of the modeled waste Li-ion battery cells used in the simulation. Based on the calculations from Supplementary Document No. 1.
	Phases
	%

	Al
	1.82

	Al2O3
	0.10

	Cu
	1.30

	C
	29.24

	LiPF6
	0.05

	NMC cathode material (LiNi0.6Mn0.2Co0.2O2)
	62.37

	PVDF
	5.12

	Total
	100



To prepare the black mass slurry, 1600 kg/m3 slurry density was assumed (about ~60% solids). This was based on authors’ industrial experience[footnoteRef:2]. Since the phases present in the black mass has the possibility of reacting with water, an inspection of these possible reactions are summarized in Table 3. This then became the basis for the inputs and outputs in the Gibbs wizard of the software. [2:  Industrial experience was for an industrial HPAL processing plant that treats limonite ore to extract mixed Ni-Co sulphides.] 


[bookmark: _Ref160405789]Table 5. Summary of assumed reactions during the slurry preparation.
	Reactions
	Assumptions

	Al + H2O
	No reaction based on solubility rules.

	Al2O3 + H2O 
	No reaction based on solubility rules.

	Cu + H2O
	No reaction based on activity series.

	C + H2O
	No reaction, graphite is known to be hydrophobic.

	LiPF6 + H2O → LiF + POF3 + 2HF
	Based on reported reactions by Hider et al and Aurbach et al as seen in [4].

	LiNi0.6Mn0.2Co0.2O2 + H2O
	Li dissolution is expected while it is assumed that Ni, Mn, and Co are not based on [5]. 

	PVDF + H2O
	Considered to be a non-reactive thermoplastic so assumed to have no reaction with water.



The inputs and possible outputs for leaching is summarized in Table 4. Note that the outputs are only a possibility and not necessarily present in the final simulation output since it will depend on the thermodynamic calculation. 

[bookmark: _Ref160404716]Table 6. Inputs and outputs for slurry preparation unit process indicated in the Gibbs wizard.
	INPUTS
	OUTPUTS

	Gas Phase
	Gas Phase

	
	HF, POF3

	Water Phase
	Water Phase

	H2O
	Same as input plus Li+

	Solid Phase
	Solid Phase

	Al2O3, Al, Cu, C, LiNi0.6Mn0.2Co0.2O2, F6LiP, PVDF
	Except F6LiP, same as inputs plus LiF



[bookmark: _Toc192965616]Leaching
This stage of the process is the heart of a hydrometallurgical process because this is where targetted extraction of the desired metals begins. This occurs by dissolving the metals (in this case Ni, Co, Mn, and Li) trapped in the black mass and into the solution using a lixiviant and producing a pregrant liquor solution (PLS). Process parameters are then carefully controlled to keep these metals in the solution until they are ready to be recovered by precipitation, solvent extraction, cystallization, etc. 

To simulate this stage of the process in the software, a mix of literature and process know-how were needed. Target temperature and pH, 90°C and 3.2±0.1, were mainly based on experiments by Guimarães et al. (2022). This is because they avoided the use of reductants (e.g. hydrogen peroxide (H2O2)) during the leaching of critical metals from Li-ion batteries with NMC111 cathodes. They leached the black mass with sulfuric acid (H2SO4) without reductant addition and yielded complete extraction of Ni, Co, and Li, and 93% extraction of Mn into the pregnant liquor under optimal laboratory test conditions. To achieve the temperature target in the simulation, a heat exchanger was used.

The lixiviant used was sulfuric acid (H2SO4) which is assumed to be 100% pure. Considering this and the assumed results of the BM slurry preparation discussed earlier, some reactions shown below (Table 5) were considered to be possible during leaching.

[bookmark: _Ref160805170]Table 7. Summary of assumed reactions during leaching.
	H2SO4 + H2O → H+ + HSO4-
HSO4- → H+ + SO42-
	Dissociation of sulfuric acid (H2SO4) in water. Full dissociation is assumed.

	Al + H2SO4 → Al2(SO4)3 + H2
	Usual reaction between Al and concentrated H2SO4

	Al2O3 + H2SO4 → Al2(SO4)3 + H2O
	Usual reaction between Al2O3 and concentrated H2SO4 

	Cu + 2H2SO4 → CuSO4 + 2H2O + SO2
	Usual reaction between Cu and concentrated H2SO4

	3Fe + 8H2SO4 → FeSO4 + Fe2(SO4)3 + 4SO2 + 8H2O
	Usual reaction between Fe and concentrated H2SO4. Note Fe represents stainless steel.

	C + 2H2SO4 → CO2 + 2SO2 + H2O
	Common reaction between C and concentrated H2SO4

	2LiF + H2SO4 → Li2SO4 + 2HF
	Common reaction between LiF and concentrated H2SO4

	Li+ + SO42- → Li2SO4
	Possible reaction of metallic ions with sulfate ions.

	Co+2 + SO42- → CoSO4
	

	Mn+2 + SO42- → MnSO4
	



It should be noted that these reactions aren’t necessarily completed during leaching. Depending on the system’s parameters e.g., temperature, pH, etc., the reactants and products could occur interchangeably or even diffuse through the solution as ions. Taking this in consideration, the reactants and products in the presumed reactions are indicated as possible outputs in the Gibbs wizard, except for the sulfates of the target metals (Table 6). They were assumed to exist as ions only because they could end up filtered as solids in the next steps in the simulation. 

[bookmark: _Ref161670194]Table 8. Inputs and outputs for leaching unit process indicated in the Gibbs wizard.
	INPUTS
	OUTPUTS

	Gas Phase
	Gas Phase

	
	HF, H2O, CO2, SO2

	Water Phase
	Water Phase

	Output from slurry preparation plus H2SO4
	Same as input minus H2SO4. Other outputs are H+, SO4-2, Ni+2, Al+3, Cu+2 and ionic phases of Al2(SO4)3, CuSO4, FeSO4, Fe2(SO4)3, NiSO4, Li2SO4, CoSO4, and MnSO4

	Solid Phase
	Solid Phase

	Al2O3, Al, Cu, C, LiNi0.6Mn0.2Co0.2O2, PVDF, LiF
	Al2O3, Al, Cu, C, Fe, PVDF



Notice that the gas phase of the input is empty. This is because all gas products are assumed to be vented out of the tank and not pumped along to the next process. This is the same for all succeding steps. Also due to the high temperature, it is also assumed that some water vapor could form and was also indicated as a possible process output. 

[bookmark: _Toc192965617]Purification
The objective of this stage in the process is to concentrate the PLS by removing any impurities that was leached along with the target metals as ions. By controlling the pH with the help of a reagent, in this case hydrated lime (Ca(OH)2), the impurities (i.e., Al and Cu) can be precipitated as hydroxides and later separated from the purified PLS by filtration. The formation of gysum is also common when lime is used to neutralize sulfuric acid.

For the simulation, hydrated lime was introduced as a pulp with assumed 45% solids based on author’s industry experience, i.e., concentrated but just enough without clogging pipings and pumps. The target temperature was set at 60°C to make sure that Li stays on the solution [9], while the pH is set at 6.5±0.5 which is enough to make sure that any Al, Cu, or Fe ions precipitate into hydroxides and be removed from the PLS, without precipitating the target metals [7]. Table 7 summarizes some assumed reactions in the reactor, while Table 8 the indicated inputs and outputs in the Gibbs wizard.

[bookmark: _Ref161067330]Table 9. Summary of assumed reactions during purification.
	Ca(OH)2 → Ca2+ + 2(OH)-
	Dissolution of hydrated lime in water

	Ca(OH)2 + H2SO4 → CaSO4●2H2O
	Formation of gypsum

	Al2(SO4)3 + 3Ca(OH)2 → 2Al(OH)3+ 3CaSO4
	Formation of aluminum hydroxide 

	CuSO4 + 3Ca(OH)2 → 2Cu(OH)3+ 3CaSO4
	Formation of copper hydroxide

	FeSO4 + Ca(OH)2 → Fe(OH)2 + CaSO4
	Formation of ferrous hydroxide

	Fe2(SO4)3 + 3Ca(OH)2 → 2Fe(OH)3 + 3CaSO4
	Formation of ferric hydroxide



[bookmark: _Ref161067376]Table 10. Inputs and outputs for purification unit process indicated in the Gibbs wizard.
	INPUTS
	OUTPUTS

	Water Phase
	Water Phase

	Ouput from leaching plus output of  Ca(OH)2 pulping i.e., more H2O and possibility of Ca+2, OH-
	Same as input minus Al+3, Cu+2, Ca+2, OH-, and ionic phases of Al2(SO4)3, CuSO4, FeSO4, and Fe2(SO4)3 

	Solid Phase
	Solid Phase

	Al2O3, Cu, C, Fe, PVDF, Ca(OH)2
	Al2O3, Cu, C, Fe, PVDF, Ca(OH)2, CaSO4, CaSO4●2H2O, Al(OH)3, Cu(OH)2, Fe(OH)2, Fe(OH)3




[bookmark: _Toc192965618]Precipitation
This stage of the process was done sequentially i.e., Ni, Co, and Mn were precipitated as hydroxide and later the lithium as carbonate. Commonly in research and industry, the goal is to reuse the recovered hydroxides as precursor for new battery material. That is why the Ni, Co, and Mn were also coprecipitated in this simulation. However, it should be noted that lithium carbonate (Li2CO3) will need to be further refined before battery application [8]. Also note that after each precipitation stage, the precipitates were filtered for recovery. Table 9 summarizes the possible reactions considered during this phase in the process.

[bookmark: _Ref161151503]Table 11. Summary of assumed reactions during precipitation.
	NaOH → Na+ + (OH)-
	Dissolution of NaOH in water

	NiSO4 + 2NaOH → Ni(OH)2 + Na2SO4
	Precipitation of Ni(OH)2

	MnSO4 + 2NaOH → Mn(OH)2 + Na2SO4
	Precipitation of Mn(OH)2

	CoSO4 + 2NaOH → Co(OH)2 + Na2SO4
	Precipitation of Co(OH)2

	Na2CO3 → Na+ + (CO3)-2
	Dissolution of Na2CO3 in water

	Li2SO4 + Na2CO3 → Li2CO3 + Na2SO4
	Precipitation of Li2CO3



The reagents used to precipitate the target metals, as well as control the pH in each stage, were sodium hydroxide (NaOH), and sodium carbonate (Na2CO3), respectively. They are introduced into the reactor as slurry with 45% solids, like the hydrated lime used in the purification. 

[bookmark: _Toc192965619]Mixed Ni-Co-Mn Precipitation
Like the previous step the, target temperature was set at 60°C to make sure that Li stays on the solution [9]. The pH was set at 11.5±0.5 based on [7], [10]. Summary of the inputs and outputs considered in the Gibbs wizard are shown in Table 10.

[bookmark: _Ref161670147]Table 12: Inputs and outputs for precipitation of mixed Ni-Co-Mn hydroxide unit process indicated in the Gibbs wizard.
	INPUTS
	OUTPUTS

	Water Phase
	Water Phase

	Ouput from purification plus output of  NaOH pulping i.e., more H2O and possibility of Na+, OH-
	Same as input minus Ni2+, Mn2+, Co2+, and ionic phases of NiSO4, CoSO4, and MnSO4 

	Solid Phase
	Solid Phase

	No solids from PLS since removed during filtration. Some undisolved NaOH could be present from the pulping.
	NaOH, Na2SO4, Ni(OH)2, Mn(OH)2, Co(OH)2



[bookmark: _Toc192965620]Lithium carbonate precipitation
Target temperature is set at 50°C based on experiments by Battaglia and colleagues [11]. They suggest increasing the temperature, but for this case the lower temperature was first used to ensure that unnecessary energy use is avoided. For the pH, different values are found in literature that was used to precipitate lithium carbonate (Li2CO3) using Na2CO3 as precipitant i.e., ~12 [9] and 14 [12]. Both were tested in the simulation. However, the simulation was not able to reach the pH of 14 despite very high feed rate of Na2CO3. The pH target was instead set to 12.8±0.3, taking into consideration the literature and simulation information. Table 11 summarizes the inputs and outputs indicated in the Gibbs wizard.

[bookmark: _Ref161670129]Table 13: Inputs and outputs for precipitation of Li2CO3 unit process indicated in the Gibbs wizard.
	INPUTS
	OUTPUTS

	Water Phase
	Water Phase

	Ouput from mixed Ni-Mn-Co precipitation plus output of  Na2CO3 pulping i.e., more H2O and possibility of Na+, CO32-
	Same as input except ionic phase of Li2SO4

	Solid Phase
	Solid Phase

	No solids from PLS since removed during filtration. Some undisolved Na2CO3 could be present from the pulping.
	Na2SO4, Li2CO3 




[bookmark: _Toc192965621]Filtration
After purification and each precipitation stage, the slurry goes through a filter to separate the solid impurities, or the recovered materials from the PLS. Table 12 summarizes the parameters used for each filter, as required by the built-in model of HSC Sim.

[bookmark: _Ref161670093][bookmark: _Ref161669846]Table 14. Filtration parameters used in the simulation.
	Cake moisture
	30 %

	Washing efficiency
	95 %

	Washing water needed
	1 m3/ton solids

	Filtrate solids
	0 %



Filtration produces 3 outputs, the cake or solids, the filtrate, and the used cake wash water. The filtrate and the cake wash water are all mixed into a tank before feeding it to the precipitation reactor to minimize loss of material (i.e., some metallic ions can remain attached to the solid residues and can be washed off by the cake wash water).


[bookmark: _Toc192965622][image: Une image contenant texte, capture d’écran

Description générée automatiquement]Pyrometallurgical Recycling of Black mass


[bookmark: _Toc192965623]Reduction Smelting
[bookmark: _Hlk161608909]In recycling waste LIBs through pyrometallurgical processes, the chemical composition of the battery cells allow it to be processed without mechanical pretreatment [13]. This means the whole battery cell can be fed directly to the furnace, and the same was assumed for the simulation. The battery cell composition used for the model was calculated based on information from Mohr’s and colleagues’ work and shown in Table 13 [14]. 

[bookmark: _Ref161655199]Table 15. Composition of a Li-ion battery cell used in simulating the smelting process.
	Phases
	%

	Al
	8.09%

	Al2O3
	0.43%

	Cu
	16.31%

	C
	22.46%

	LiPF6
	25.64%

	PVDF
	2.84%

	PPE
	4.96%

	LiNi0.6Mn0.2Co0.2O2
	19.86%

	TOTAL
	100%



For the reductant and fuel of the process, carbon based materials are commonly used. The C and Al contained in the LIBs can fullfill this role in the process but since it is not enough, additional metallurgical coke will be needed. The composition of the coke used in the simulation was derived from an analysis by Colorado-Arango and colleagues (Table 14). The amount of coke fed to the process was set at a 1:1 ratio to the feed mass but reduced by the amount of C and Al present in the feed.

[bookmark: _Ref161660093]Table 16. Composition of the coke used in simulating the smelting process.
	Content
	C
	H2O
	SiO2
	Fe2O3
	Al2O3
	CaO
	Total

	%
	81.88%
	0.050%
	6.825%
	6.313%
	2.508%
	2.428%
	100.00%



As seen in Figure 2, other inputs to the reduction smelting process are quicklime (CaO) and enriched air. Quicklime here works as the slag former flux which assists in the stability of the slag system i.e. slag formation and fluidity. The amount used in the simulation was set at 5% of the feed weight. It was observed that increasing this amount results to decreased recoveries of Co. This aligns with industry practice of minimizing the amount of slag formers added in the system to make sure that target metals are not trapped in the slag.

The enriched air on the other hand is assumed to contain 80% O2, and 20% N2 and to be preheated to 250°C, based on the hot gases temperature in an iron blast furnace [15]. The amount used for the simulated process was used to control the enthalpy balance of the whole system along with the excess heat released by the process. To identify the amount of heating power required to heat the enriched air, a separate simulation (Figure 3) conducted showed that about 0.0604 kWh of heat is needed per kilo of enriched air (see Supplementary Doc. No.1).
[bookmark: _Ref161667273]Figure 3. The simulation model in HSC Chemistry® for the heating of enriched air.

 
For the smelting process, the process output temperature was arbitrarily set at 1300°C, which is the average temperature in the smelting process temperature range [13], and operated in atmospheric pressure i.e., 1.01325 bar. 

The process outputs’ composition had to be defined prior to activating the Gibbs/equilibrium wizard. Table 15 summarizes the expected composition of the simulation output as shown in Figure 2. Note that this does not necessarily mean that the actual output of the simulated process will have these components.

[bookmark: _Ref161670062][bookmark: _Ref161670053]Table 17. Outputs of the simulated reduction smelting process.
	Ouputs
	ALLOY
	SLAG
	OFFGAS
	FLYASH

	Components
	Ni
Co
Cu
Fe
Mn
Li
	Al2O3
MnO2
Li2O
SiO2
Fe3O4
Fe2O3
CuO
CoO
NiO
	CO2
CO
N2
O2
NO
H2O
HF
POF3
	SiO2
Fe2O3
Al2O3
CaO
MnO2
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