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A B S T R A C T

In this paper, we are proposing a flexible flowchart for recycling Ni-rich Li-ion batteries by hydrometallurgy. 
Physical separation processing is important to separate cathode and anode fractions from plastic, external 
structure and foils (mostly Cu). Al foil partly remained in the black mass works as reducing agent reducing costs 
and environmental impacts of H2O2 use. H2SO4 is still the best option considering economic and environmental 
benefits. Mn separation occurs by ozone precipitation demonstrating a better option than solvent extraction 
reaching 99% efficiency with 96% purity. Ni and Co separation by ion exchange chelating resins (bis-picolyl
amine) has higher selectivity over Al and Li, and our experimental data and optimization modeling demonstrates 
that minor differences in particle size of resin beads impacts on adsorption capacity (Dowex M4195 < Lewatit TP 
220). About 1.46 × 106 kg-CO2eq would be generated to produce 1 ton of LiOH, lower than mining process with 
recovery of 95% battery materials. The process could be used for recycling NMCs, NCA, and LCO cathode-type 
batteries with minor changes in process steps.

1. Introduction

Popularization of electric vehicles and consequently Li-ion batteries 
occur as alternative to reducing CO2 emissions in transportation [1–3]. 
As a consequence of growing demand for Li-ion batteries [4–6], the 
search of raw materials is critical to support the demand [1,7]. Although 
mining will continue to be important, future scenarios run up against 
production and environmental impact [8–10]. First, production of crit
ical minerals is geographically limited (e.g. >70% of Li production oc
curs in Chile, Argentina, Australia, China and Brazil) [11,12]; second, 
several environmental impacts occur in non-sustainable mining explo
ration [13]. As alternative, recycling of spent Li-ion batteries is inter
esting due to i) lower environmental impact [14]; ii) higher 
concentration of critical metals in comparison to natural resources 
[15,16]; iii) less geographically limitation as spent batteries are spread 
worldwide (mostly in US, Europe, and BRICS) [4,17].

Recycling of Li-ion batteries has been largely studied [5,18–23], but 
challenges remain. Hydrometallurgical route is being considered due to 
their flexibility to recycle different types of batteries [24–26] and 

products including cathode resynthesis [27], and low environmental 
impact [14,28]. Before chemical steps, physical processing is capable of 
recovering the external structure (case), plastic (separators), and elec
tron collectors (Al and mainly Cu foils) [29]. In comparison to pyro
metallurgy, on the other hand, high energy is needed with larger 
emissions of greenhouse gases, and Li is lost in slag phase; high pure 
products are obtained after hydrometallurgical processing [30]. In 
direct recycling, excessive dependency on manual labor is the major 
challenge, especially mechanical disassembly due to the large variety of 
batteries in the market; moreover, this technology is still in laboratory 
scale and does not meet industrial requirements [31]. For this reason, 
the choice of hydrometallurgical processing in this study is focused on 
lower environmental impact (than pyrometallurgy) and fast upscaling 
(than direct recycling).

After acid leaching (e.g. H2SO4), the leach solution of Ni-rich bat
teries (NMC and NCA cathode batteries) contain high concentration of 
Li, Ni, Co and Mn from cathode material, Al and Cu from foils, and Fe as 
contaminant [24–26]. Traditional processes use solvent extraction for 
separation of valuable elements (Li, Ni, Co and Mn), but it has been 
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shown in literature that losses of Co in the presence of Mn. Solvent 
extraction using bis(2-ethyl-hexyl) phosphoric acid organic solvent 
(D2EHPA) can be used to obtain 99.6% of Mn sulfate but requires many 
steps of extraction/stripping (up to 7) [32,33], and these several steps 
result in losses of valuable metals, mostly Co [24]. However, as 
demonstrated in previous study of our group, successfully separation of 
Co, Ni and Li by solvent extraction is performed in the lack of Mn ions in 
solution and does not support large different feed streams or distinguish 
compositions [26] which limit limits the recycling of different types of 
Ni-rich batteries. Alternatively, our group used ozone precipitation for 
selective separation of Mn with purity of 96% as oxide for battery or 
steel industries [34].

In this study, we propose a flexible hydrometallurgical route for 
recycling Ni-rich Li-ion batteries to meet the sustainable mining goals 
[16,35,36]. Inorganic and organic acids have been previously studied 
[37–41] and also by our group [24,26,42], and here it is demonstrated 
the possibility to use H2SO4 or H3PO4 as costly and environmental al
ternatives [21,43,44]. In separation and purification steps, ion exchange 
resins were evaluated for selective separation due to the selectivity for 
Ni and Co [45].

Beyond the inherent challenges of selectively separating Co and Ni, 
the adsorption step in ion-exchange systems requires a detailed under
standing of equilibrium behavior and the actual retention capacity of the 
resins under different operational conditions. In this context, a multi
variate evaluation of the adsorptive performance became necessary, one 
that could simultaneously account for the affinity between the metal 
ions and the adsorbent materials, as well as the hydrodynamic effects 
arising from changes in flow rate and bed-saturation dynamics. To this 
end, breakthrough experiments were employed—a methodology that 
enables monitoring the temporal evolution of the effluent concentration 
as the system approaches equilibrium, making it possible to calculate, 
through integral mass balances, the amount of each species accumulated 
in the bed and the corresponding equilibrium solid-phase 
concentrations.

Life cycle assessment (LCA) was important to quantify the environ
mental impact of the recycling process [43,44] and stablish a Ni-rich 
battery recycling process. The flexibility of the flowchart proposal al
lows the production of hydroxides, carbonate, oxalates, and oxides for 
several types of markets, such as batteries, chemicals, and steel. Future 
improvements could be performed to produce metals (e.g., electrowin
ning). Our research objectives were: i) compare inorganic acids (H2SO4, 
H3PO4) in leaching; ii) evaluate Mn precipitation by ozone; iii) study the 
selective separation of Ni and Co by ion exchange chelating resins and 
multivariate analysis; iv) environmental impact assessment of the 
flowchart proposed.

2. Materials and methods

2.1. Characterization and physical treatment

Cylindrical batteries (20 units, 903.2 g in total) were first discharged 
mechanically with Ni–Cr wires resistance until 0 V at room temperature 
(~25 ◦C) to avoid accidents and explosions. Further, one cell was 
manually dismantled for characterization, while others were used for 
physical treatment and leaching experiments. In characterization, the 
cell was opened with a precision cutter at 875 rpm, and the materials 
were separated in external structure (also known as case), cathode + Al 
foil, anode + Cu foil, and separator. Electrolyte characterization is out of 
our scope, and volatile compounds were removed as the parts were dried 
at 60 ◦C for 24 h. Cathode and anode were analyzed in XRD and digested 
in aqua regia for chemical analysis in ICP-OES, AAS and EDXRF. Sepa
rator was analyzed in FTIR and DSC [15]. Analytical procedures are 
detailed in Supplementary Material.

In black mass preparation, we used a procedure stablished in our 
group including all types of batteries (pouch, cylindrical, and prismatic) 
[25,26,46], and further improved for better separation of materials 

[29]. In both cases, materials recovery reached over 95%. The first 
grinding was performed with batteries discharged in a knife mill with 
5.4 mm grid, the resulting material was dried in a fume hood for 24 h 
and later a sieving step to remove external structure and separator. The 
second grinding was performed Willey-type mill followed by sieving to 
remove remaining case and plastic and including Cu foil. Resulting 
material was used for leaching experiments.

2.2. Leaching experiments

Experiments were performed in 200 mL three-necked glass reactors 
on a heating plate under magnetic stirring, with condenser and ther
mometer were coupled to the reactor (Fig. S1). The solutions used as 
leaching agents were H2SO4 (98%) and H3PO4 (85%) prepared with 
ultrapure water. The effect of solid-liquid (S/L) ratio, acid concentra
tion, temperature and time were evaluated (Table S1). After leaching, 
the solution was filtered, and samples were diluted (HNO3 3%) for 
chemical analysis in AAS and EDXRF. Leaching efficiency was calculated 
as shown in Eq. 1, where Ce is the concentration (mg/L) of the element 
analyzed, D.f. is the dilution factor, VL is the volume of the leaching li
quor (L), and mS is the mass of the sample (mg) used on the experiment 
multiplied by Pel, which is the percentage of the element present in black 
mass. 

Percentage of leaching =
Ce × D.f . × VL

mS × Pel
×100 (1) 

2.3. Separation and purification experiments

After leaching, different techniques were evaluated for separation 
and purification to obtain critical metals products. The main reasons to 
test stablished hydrometallurgical techniques are, first, for fast upscal
ing and flexibility into different types of spent cathode materials (i.e., 
NMCs, LCO, NCA LMO) into a flexible process, and second to use 
consolidate data for LCA and optimization. We tested ozone precipita
tion, solvent extraction, ion exchange chelating resins, and alkali/oxalic 
precipitation. Parameters evaluated are detailed in Table S2. Solutions 
composition was determined in AAS, EDXRF and flame photometer.

Ozone precipitation experiments were carried out for Mn precipita
tion, as reported in our previous work [34,47] including systematic 
parameters evaluation in NMC cathode leaching solution such as influ
ence of pH, ozone concentration, reaction temperature. Although pre
viously reported, our goal was to demonstrate the use of this technique 
in different leaching compositions and later develop a flexible system for 
different leach compositions. Experiments were performed in 500 mL 
three-necked glass reactors under magnetic stirring with the leach so
lution with ozone addition coupled to the reactor. Ozone was produced 
in-situ (lab), which represents a great advantage for upscaling, where 
oxygen (99.5% purity) was added controlled by a mass flow feeding to 
an ozone generator, and later passes through a gas washing bottle before 
going to the reactor by a porous tip that forms bubbles. The gas released 
out the solution was eliminated using a KI solution of 5% (w/v). After 
experiment, solution was filtrated, and the precipitate was dried at 60 ◦C 
for 24 h for XRD analysis. Ozone concentration was determined as 
detailed reported in literature [34,47].

Solvent extraction experiments were performed in batch for 15 min 
at 25 ◦C and aqueous/organic (A/O) ratio 1/1 diluted in kerosene, and 
we studied two different extractants (Cyanex 272 10%v/v – bis (2,4,4- 
trimethyl- pentyl) phosphinic acid, and D2EHPA 5%v/v - di-(2- ethyl- 
hexyl)phosphoric acid) and the effect of pH [26,48,49]. Ion exchange 
chelating resins experiments were performed in batch and column 
(continuous), and two resins (Dowex M4195 and Lewatit TP 220) with 
the same functional group (bis-picolylamine) were evaluated. Before 
experiments, resins were washed with HCl 4.0 mol/L and ultrapure 
water and later dried at 60 ◦C for 24 h before experiments. Batch ex
periments were performed with 1 g of resin and 50 mL solution in shaker 
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(200 rpm) for 2 h. Columns experiments were performed to simulate a 
continuous process in a glass column 30 cm long (bed height) and with 
an internal diameter of 1 cm, whose resin bed volume was 10 mL (bulk 
density: Lewatit TP 220–690 g/L; Dowex M4195 – 673 g/L).

Precipitation experiments were performed with NaOH (97%) for 
separation of Al as we previously proposed [26] and H2C2O4 (99%) for 
separation of Ni and Co [42,50]. For the experiments, 50 mL of solution 
was stirred (magnetic) in a 120 mL beaker under pH and temperature 
control. The precipitated was washed with water at the same pH of the 
experiment to avoid losses by dissolution and dried at 60 ◦C for 24 h 
before analysis. The resulting solution contained only Li in sulfate so
lution, and anions were removed by Ca(OH)2 only to further produce 
LiOH by crystallization. It is from our understanding that other tech
niques should be used for sulfate separation for acid recovery, such as 
electrodialysis [51,52], but here this step was out of scope, and it is 
suggested in future studies. Crystallization of Li sulfate was previously 
reported by our group [26].

2.4. Multivariate analysis

In the studies, it was observed that there was a possibility for opti
mizing selective ion exchange separation between Ni and Co over Al and 
Li. Our choice for optimizing ion exchange separation was due to i) 
strong selective separation of valuable metals (Ni and Co); ii) high 
concentration of metals and consequently short breakthrough curves; 
iii) determine process parameters for upscaling. Description of multi
variate analysis model validation is depicted in Supplementary Material.

In the process, the equilibrium adsorbate concentration (metallic 
ions = Ni and Co) in the solid phase (chelating resin = Dowex M4195 
and Lewatit TP 220) is determined from a series of breakthrough ex
periments in which the column is successively exposed to different feed 
concentrations. In each step, the column is first saturated with the so
lution corresponding to the previous steady state; then the feed is 
switched to a new concentration (Cin,i) and kept constant until a new 
steady state is reached. Once this new steady state is established, the 
liquid and solid phase compositions represent an equilibrium point of 
the multicomponent adsorption isotherm. From the breakthrough pro
file obtained during the transition between two consecutive steady 
states, a global mass balance is used to compute the variation (Eq. 2) in 
the number of moles of component (i) accumulated in the bed (both in 
the void space and in the solid phase) [53], where (Q) is the volumetric 
flow rate, texp is the total time considered for the breakthrough step, Cin,i 

is the inlet concentration of component (i), and Cout,i is its outlet con
centration as a function of time. 

Δni = Q
∫texp

0

⎛

⎝Cin,i − Cout,i)dt (2) 

The quantity Δni is then related to the fluid and solid concentrations 
through a volume-averaged balance (Eq. 3) that accounts for the bed 
porosity εb, the intraparticle porosity εp, and the total bed volume (V), 
where Co,i is the liquid concentration of component (i) at the previous 
steady state and qi(C) is the adsorbed concentration in equilibrium with 
a given liquid concentration (C). 

Δni

V
=

[
εb +(1 − εb)εp

](
Cin,i − C0,i

)
+(1 − εb)

(
1 − εp

)[
qi
(
Cin,i

)
− qi

(
C0,i

) ]

(3) 

qi
(
Cin,i

)
= qi

(
C0,i

)
+

Δni
V −

[
εb + (1 − εb)εp

](
Cin,i − C0,i

)

(1 − εb)
(
1 − εp

) (4) 

Thus, for each feed-concentration step and for each component, the 
integration of the breakthrough curve provides Δni, and the volume- 
averaged balance allows the calculation of the new equilibrium adsor
bed concentration qi

(
Cin,i

)
(Eq. 4). The resulting set of experimental 

points 
(
Cin,i, qi

(
Cin,i

) )
. can then be used to estimate the parameters of 

competitive adsorption isotherm models (e.g., the competitive Langmuir 
isotherm) and to validate the proposed adsorption model [53].

2.5. Flowchart proposal and life cycle assessment

A flowchart for recycling of NMC811 was proposed based on labo
ratory experiments. Upscaling data was not considered in our analysis. 
The mass balance was calculated considering the best conditions from 
physical treatment (903,2 g of spent cylindrical cells) to metallic prod
ucts. Boundary limits of LCA were determined with SimaPro 9.5.0.1 
software was used for the LCA with the calculation method ReCiPe 2016 
v1.1 midpoint, Hierarchist version [20,54]. The system was considered 
limited to the recycling process, with expansions to consider the effects 
of waste treatment and avoided products. Battery production, the use 
and collection of discarded LIBs, and other lifecycle stages were not 
considered.

Life cycle inventory (ReCiPe software) was calculated and analyzed 
following environmental impact categories: Global Warming Potential 
(GWP), PED (Primary Energy Demand), and Mineral Resources Scarcity. 
Ecoinvent v3.6 database was used which includes information on ma
terials and energy sources. Brazilian low-voltage energy matrix of the 
Southeast region was considered for the analysis considering the 2023 
National Energy Balance (BEN). Both material inputs and outputs were 
obtained based on the global production values available in the data
base. A baseline scenario was created to determine the results using 
SimaPro software as an attributional model (one product as the main 
one – LiOH), instead of a consequential and multi-element model, 
considering several main products.

3. Results and discussions

3.1. Sample characterization and physical treatment

After being discharged (0 V), the characterization was proceeded 
open the cell manually and separating the materials for characterization 
(Table 1). Volatile electrolyte represents 15.8% of the cell battery, while 
polymeric separator (polypropylene – PP) represents 1.1%. Cylindrical 
external structure is an Al alloy. Cathode (LiNiMnCoO2 as NMC811, 
41.5%) and anode (graphite, 26.5%) represent 68% of the cell battery 
and the most valuable and interesting for recycling, mainly the metallic 
elements. The potential economic value for this battery is 6000–11,000 
USD/ton to be obtained by recycling [15,25] which varies according to 
the commodity prices [1,8,55–57]. Our physical treatment was per
formed by grinding followed by particle size separation in two steps. In 
this processes, losses were graphite (powder) and electrolyte (volatile) 
reaching 5.2% considering the whole physical process. In the first step, 
up to 44% of both separator and external structure were separated, and 
in the second step a concentrated material removed remained external 
structure and polymeric fraction, but also Al and Cu foils. Resulting 
material (below 2.0 mm, Table 1) still contains Al and Cu foils due to 
strong bond with cathode and anode, respectively [15]. However, for 
acid leaching, Al foil works as a reducing agent reducing the costs and 
environmental impact of the reaction [14,26].

3.2. Leaching experiments

The goal of this chapter was to make a comparison of two different 
inorganic acids (H2SO4 and H3PO4) of a NMC811 battery black mass 
without the use reducing agent. Details about H2SO4 leaching are re
ported elsewhere [25], and here we depict the leaching data for H3PO4. 
Acid leaching kinetics of NMC811 reach the equilibrium after 2 h in both 
cases. No reducing agent was added in the experiments due to the 
presence of Al foil particles working as reducing agent generating Al ions 
(+3). The black mass has d10, d50 and d90 equals to 6.5 μm, 25.7 μm 
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and 158.9 μm, respectively.
Differences were observed among these acids related to the chemical 

reaction (Eqs. 5 and 6). For instance, H3PO4 leaching requires larger 
stoichiometric ratio than H2SO4 for complete reaction (100% of cathode 
leaching) – 168% and 142%, respectively (Fig. 1a,b) for S/L ratio 1/10. 
Indeed, the literature reports that reducing agents as H2O2 increases 
kinetic leaching mostly due to the conversion of Co(III) into Co(II) but 
largely increases the environmental and economic impacts [14]. For 
instance, in another study of our group, reducing agent may represent 
15% of the costs in leaching reaction of NCA battery [26]. Considering a 
battery recycling process that the feed material can be a mix of different 
cathode materials, the presence of Al will be observed because of NCA- 
cathode. So, Al ions in solution will be found anyway. 

20 LiNi0.8Mn0.1Co0.1O2 (s) +30 H2SO4 (aq)⇌16NiSO4 (aq) +2CoSO4 (aq)

+2MnSO4 (aq) +10Li2SO4 (aq) +30 H2O(l)

+5 O2 (g)

(5) 

60 LiNi0.8Mn0.1Co0.1O2 (s) +60 H3PO4 (aq)⇌16 Ni3(PO4)2 (aq)

+2 Mn3(PO4)2 (aq) +2 Co3(PO4)2 (aq)

+20 Li3PO4 (aq) +90 H2O(l) +15 O2 (g)

(6) 

Differences were also observed varying the acid concentration 
(Fig. 1c,d). It occurs not because of the amount of protons (H+) that each 
acid has, but due to acid dissociation in water is not complete. As a 
consequence, H2SO4 leaching of Ni and Co increased from 44 to 45% 
(0.5 mol/L) to 100% (1.0 mol/L), and Mn increased from 43% (0.5 mol/ 
L) to 95% (1.0 mol/L), while H3PO4 leaching of Ni and Co increased 

from 25 to 30% (0.5 mol/L) to 100% (2.0 mol/L), and Mn increased 
from 29% (0.5 mol/L) to 100% (2.0 mol/L). Li leaching followed a 
similar behavior, and highlighted by two important factors – first, Li is 
not easier to be leached but also present part of electrolyte composition 
as fluoride salts after organic phase evaporation in physical processing; 
and second, Li sulfate is more soluble (no ksp because high solubility in 
water) than phosphate (ksp = 2.4 × 10− 11) which helps on leaching 
efficiency.

Leaching efficiency increasing temperature (Fig. 1e,f) demonstrated 
that the reaction is endothermic as the efficiency increases with the 
temperature. The highest efficiency (close to 100% in 2 h) in H2SO4 
leaching was achieved as S/L ratio 1/10, 1.0 mol/L at 90 ◦C, while for 
H3PO4 leaching it was achieved with /L ratio 1/10, 2.0 mol/L at 90 ◦C. 
Our preliminary economic analysis (considering only reagents used for 
the reaction) has demonstrated that H3PO4 leaching is 68.7% more 
expensive than H2SO4 leaching due to the higher acid concentration 
required and cost. Sulfuric leaching still remains the best option in 
battery recycling. After reaction, the leaching residue (solid phase) is 
highly concentrated in graphite with 96.6% purity, and minor elements 
are unreacted cathode materials (Al - 0.38%, Ni - 1.05%, Co - 0.38%, Mn 
- 0.32%), case (Fe - 0.05%) and electrolyte (Cl - 1.98%). Further acid 
treatment is suggested to increase purity for future applications [58].

3.3. Separation and purification methods

Leaching solution contains a challenge that was not found in classical 
metallurgical process (Table 2) which is the high concentration of 
valuable metallic ions. For instance, solvent extraction is commonly 
used for separation in hydrometallurgical processing after leaching, but 
NMC processing result in losses of Mn and Co throughout the process 

Table 1 
Materials and elementary (cathode and anode) composition of the cylindrical battery [15,25].

Materials in the cell battery Composition Elements (cathode and anode) in the cell battery Composition Elements in the black mass Composition

Cathode 41.5% (16.7 g) Ni 15.0% Ni 16.2%
Anode 26.5% (10.6 g) Mn 2.9% Mn 5.6%
Separator 1.1% (1.0 g) Co 3.0% Co 4.5%
External structure 15.1% (6.0 g) Li 2.0% Li 3.7%
Electrolyte 15.8% (6.2 g) Al 3.1% Al 6.3%

Cu 11.8% Cu 13.6%
C 11.2% C 22.5%

Battery cell (total) 100% (40.5 g) Battery cell (total) 49.0%

Fig. 1. Leaching efficiency of Li, Ni, Co, and Mn from NMC811 battery black mass during 2 h of reaction varying the solid/liquid (S/L) ratio at 90 ◦C with 2 mol/L of 
a) H2SO4 and b) H3PO4, concentration of c) H2SO4 and d) H3PO4 at 90 ◦C and S/L ratio 1/10, and temperature with S/L ratio 1/10 and 2 mol/L of e) H2SO4 and 
f) H3PO4.
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due to the interaction of the ions. As Locati et al. (2024) demonstrated, 
separation using D2EHPA reached 99% of Mn extraction but losses of Co 
were observed around 40–80% although the authors reported a 3% co- 
extraction in a continuous process [32]. Similar finds were observed in 
an in-depth analysis of solvent extraction for NMC recycling [24]. In 
Vieceli et al. (2023)’ work, the authors highlighted that solvent 
extraction process is performed without problems after Mn removal 
[59], as we reported before [26]. As alternative, our group previously 
developed a system for Mn precipitation using ozone injection [34], and 
therefore we evaluated the battery recycling flowchart of the present 
work, also due to the discussion about environmental impact (LCA) and 
process optimization.

Based on our previous work, preliminary experiments were carried 
out at pH 2.0, 3.0 L/min O2 (65.7 mg/min of O3) and at 25 ◦C over time. 
Mn precipitation increased from 33.9% (3 h) to 56.5% (5 h) and 98.9% 
(10h). The pH is pivotal for both Mn precipitation and selectivity; ac
cording to the Pourbaix Diagram, in the NMC-based leaching solution, 
selective precipitation of Mn occurs at pH 0.5–2.0 in redox 1.2–1.7, 
while the increase of temperature has no substantial effect on selective 
precipitation [60]. Moreover, during the process, the pH decreases over 
time since ozone acts as a Lewis acid and reached pH 0.84 and redox 
potential 1.253 V after 10 h experiment. However, co-precipitation of Co 
reached 35.5%. Based on authors' knowledge, it occurs due to the excess 
of ozone added in the solution, where Co precipitates after Mn precip
itation. It is corroborated by Ichlas et al. (2020), where Co precipitation 
increases from 30% (15 min) to 98% (1 h) as Mn was entirely precipi
tated (in 15 min); after all Co precipitation, Ni precipitation increased 
[60]. As a conclusion, it can be inferred that ozone has an order of 
selectivity for separation in acid (sulfate) conditions is Mn > Co > Ni. In 
our experiments, the precipitation of Ni, Al and Li was not detected.

At pH 0.5, the highest selectivity for Mn precipitation was observed 
(Fig. 2a). The increase of pH promoted the precipitation of Co; con
trasting to previous study [34], the solution (Table 2) contains higher 
concentration of Co requiring lower pH (0.5) for better selectivity for 
Mn; moreover, all Mn was precipitated in 5 h (Fig. 2b) with low co- 
precipitation of Co (2.9%), which is a half of time. We also observed 
that 3.0 L/min was in excess, and co-precipitation of Co was reduced 
until 1.8% with 0.2 L/min O2 (which was converted into ozone – 4.4 

mg/min O3). The advantage of ozone precipitation after leaching reac
tion is due to the minor pH adjustment and high selective precipitation 
of Mn that can be used for cathode synthesis or steel production. The 
energy required to generate 1 kg of ozone can be considered as 16.4kWh 
[47], so in this experiment it was consumed 21.7 Wh to generate the 
ozone needed for the lab experiment. Future studies can aim at contin
uous precipitation process for Mn precipitation to optimize the reaction 
time. Our previous study [34] also demonstrated that bubble sizes affect 
the precipitation kinetic, which could be also evaluated in the future.

After Mn precipitation, two ion exchange separation were evaluated: 
solvent extraction (liquid-liquid) and ion exchange resins (solid-liquid). 
The motivation was based on technical alternatives from previous 
studies reported in literature [26,32,59,61]. In a solution containing Ni, 
Co, Li and Al, no selectivity was observed in extraction by Cyanex 272 
(Fig. S2) in a pH range 1.0–3.5 due to the selectivity for this extractant 
keeping between 70 and 85% extraction efficiency to all pH values 
studies. For instance, theoretical extraction of Al ions in sulfate media 
would increase from pH 1.0 to 3.0 but also increases for Co from pH 1.7 
to 5.0, while extraction of Mn increases in a pH range 3.2–5.0; extraction 
of Ni occurs in pH over 6.0 [62]. The selectivity for Al may increase at 
pH 0.5 in higher organic concentration (20%) but several extraction 
steps will be required resulting in losses of co-ions (mostly Mn and Co) 
throughout the steps [63,64]. Literature reports the use of Cyanex 272 
for impurities removal (as Mg and Ca) from leaching solution [65,66]. 
High selectivity was achieved by Cyanex 272 after Al removal [48]. On 
the other hand, D2EHPA was selective for Al and Li (25% for both) 
without co-extraction of Ni and Co (D2EHPA 5%v/v, A/O 1/1, 25 ◦C for 
15 min). It opens as alternative for future application but still requires 
multiple steps.

We evaluated the use of ion exchange chelating resins in batch and 
column (continuous) with two commercial resins (Dowex M4195 and 
Lewatit TP 220). Both resins were tested due to the selectivity of the 
functional groups as the following order Ni > Co > Mn > Al (considering 
only metals present in the solution studied) [67–69]. In batch experi
ments varying the pH (Table S3), adsorption of Li and Al was not 
observed. Ni and Co separation achieved the maximum adsorption 
(23.1%–26.0% and 15.4%–21.1% respectively) at pH 3.0 mostly due to 
the deprotonation of functional groups and less competition between H+

with the metallic ions [70,71]. Differences among the ion exchange 
chelating resins were not related to the functional group but due to 
structural and physicochemical factors of the resin matrix (polymer 
matrix and crosslinking degree) [72,73]. Higher adsorption efficiencies 
were found for Lewatit TP 220 (24.9%–26.0% for Ni and 10.4%–15.4% 
for Co at pH 1.0–3.0).

Column experiments were carried out to simulate a continuous 
process (Fig. S3), where no adsorption of Al and Li were observed. 
Adsorption of Ni and Co increases similarly where the resins were 
slightly more selective for Ni than Co and reaching the breakthrough 
point at the same time. The resins followed similar behavior achieving 

Table 2 
Composition of the H2SO4 leaching solution of NMC811 
battery black mass at S/L ratio 1/10, 1.0 mol/L at 90 ◦C 
for 2 h.

Elements Concentration (g/L)

Ni 18.08
Mn 5.78
Co 5.03
Li 4.10
Al 3.33

Fig. 2. Precipitation efficiency for Mn and Co from leaching solution of NMC811 black mass a) varying the pH of the leach solution at 3.0 L/min O2 and at 25 ◦C for 
10 h; and b) varying the time at pH 0.5, 3.0 L/min O2 and at 25 ◦C.

L.F. Guimaraes et al.                                                                                                                                                                                                                           Chemical Engineering Journal 531 (2026) 173667 

5 



fast the breakthrough point and saturating in 50-200 min with a slight 
selectivity for Co over Ni due to the different concentrations of ions (Ni- 
18.0 g/L and Co-5.03 g/L). However, we observed that Dowex M4195 
resin reached 28.4% adsorption of Ni and 25.2% adsorption of Co, which 
could be further removed from the resin (elution process) to obtain a 
Ni–Co concentrated material. On the other hand, Lewatit TP 220 
reached 4.1% of Ni adsorption and close to 0% adsorption of Co after 
about 7 h experiment. As observed in the breakthrough curves (Fig. S3b, 
d,f), the resin rapidly reached the equilibrium on Co adsorption and later 
released them for adsorption of Ni ions due to higher concentration 
competing for the functional groups. Similar results were previously 
reported for mining processing and e-wastes [45,74,75]. Ion exchange 
chelating resins seem to be an interesting approach for Ni–Co separa
tion from Al and Li, but requiring several columns in series and parallel, 
and high concentration of ions in a battery recycling leaching solution is 
a drawback.

In our previous work for NCA recycling process [26], we demon
strated that Al removal from the leaching solution is possible at pH 5.0 
and 80 ◦C, where these ions were leached from cathode and foil mate
rial. The advantage of this step is that Al ions will be found in both NMC 
and NCA leaching solution, and the precipitation step will be necessary 
for a flexible process to recycle all types of Li-ion batteries. All Al was 
precipitated with losses of 2.9% of Ni, and a washing step (H2O pH 5.0) 
was important to reduce co-precipitation of valuable metals. The Al 
hydroxide has 97% purity.

After Mn and Al precipitation, the solution contains high concen
tration of Ni, Co and Li. Precipitating agents NaOH and oxalic acid 
(C2H2O4) were studied for Co and Ni precipitation. No losses were 
observed using NaOH (Table 3) reaching 97% precipitation efficiency. 
Mixed hydroxide precipitate (Ni–Co) is commonly used in Ni and Co 
processing but mostly using MgO as precipitating agent [60,76] and we 
avoided it to reduce potential contamination of Li product (next step). 
However, the use of MgO is interesting for future studies in battery 
recycling since it is further produced as sulfate (MgSO4) and then 
reacted thermically to obtain again MgO and generate H2SO4 [77]. Also, 
Li losses were not observed as precipitates in high pH as hydroxide and 
mostly obtained as carbonate due to solubility [78]. In C2H2O4 precip
itation (Table S4), losses of Li were observed (3.5%–5.1%) due to high 
ionic strength decreasing Li-oxalate solubility in sulfate solution 
resulting in co-precipitation [40,50,79]. In our case, the increase of 
temperature did not reduced Li losses.

For Li crystallization, sulfate ions were removed by Ca(OH)2 as 
CaSO4. For future studies, we suggest the use of electrodialysis for LiOH 
and SO4

− 2 separation [51,52,80,81], also to avoid losses in the solid 
phase (Table S5, 11.9%–16.1%). Another approach is crystallization as 
LiSO4 [26] that reached 78.8% efficiency.

3.4. Multivariate analysis

Breakthrough experiments were carried out for both Co and Ni by 
Dowex M4195 and Lewatit TP 220. As observed (Fig. S3), high selective 
separation of valuable metals was obtained; however, due to high con
centration of metallic ions (Table 2), the breakthrough curve is rapidly 
reached, and optimization can help for data processing and upscaling 
future battery recycling processes.

To better interpret these results and to support decision making and 
upscaling for future battery-recycling applications, a multivariate 

analysis was conducted, enabling the simultaneous assessment of resin 
type, metal species, and hydrodynamic conditions and their combined 
influence on adsorption behavior.

Effluent concentration increases from nearly zero to values close to 
Cin for both resins indicating the progressive saturation (Fig. 3 and 
Fig. 4). At lower flow rates, the breakthrough is more gradual, and the 
shaded area is larger, reflecting a higher overall uptake of metallic ions 
(Ni and Co), whereas at higher flow rates the curves become steeper and 
the available contact time decreases, resulting in smaller areas and 
therefore lower values of Δni and qi

(
Cin,i

)
.

Since the inlet concentrations of Co and Ni are essentially the same 
for all runs (Table 4 for Dowex M4195 and Table 5 for Lewatit TP 220), 
the differences observed in Δn, Δn/Vbed, and qi(Cin) mainly reflect the 
effects of the flow rate and the affinity of the resin for each ion. At the 
lowest flow rate (3BV/h), both metals exhibit higher adsorption 
compared to the highest flow rate (9BV/h), as indicated by the larger 
values of Δn and Δn/Vbed, which is consistent with the longer contact 
time available for mass transfer. Ni systematically shows higher Δn/Vbed 
and qi(Cin)values, revealing a stronger interaction with the Dowex 
M4195 and a higher equilibrium capacity. At 3BV/h, for example, 
qi(Cin)for Ni is in the order of 1.69 × 104 mol/m3

solid of solid, more than 
eight-fold the value obtained for Co (∼ 2.0× 103 mol/m3

solid). As the 
flow rate increases to 6 and 9BV/h, both metals experience a reduction 
in Δn and qi(Cin), with the effect being particularly pronounced for Co at 
9BV/h, where the equilibrium capacity drops to values below 8.9×

102 mol/m3
solid. Overall, the table quantitatively confirms the trends 

observed in the breakthrough curves: lower flow rates and the 
Ni–Dowex M4195 pair favor higher adsorption capacities, and these 
data constitute the basis for the subsequent estimation of the competi
tive isotherm parameters.

There are consistent trends regarding the effect of resin (even with 
the same functional group bis-picolylamine), flow rate, and metallic ion 
on the adsorption performance, where Dowex M4195 exhibits system
atically higher equilibrium capacities than Lewatit TP 220 for both Ni 
and Co. For example, at 3BV/h the equilibrium solid-phase concentra
tion for Co on Dowex M4195 is on the order of 2.0× 103 mol/m3

solid, 
whereas for Lewatit TP 220 it is below 4.0× 102 mol/m3

solid; for Ni, the 
difference is also marked with about 1.69 × 104 mol/m3

solid on Dowex 
M4195 versus 7.18 × 103 mol/m3

solid on Lewatit TP 220. This trend 
persists at 6 and 9BV/h, indicating that Dowex M4195 has a higher 
adsorption capacity overall and therefore a stronger affinity for both Co 
and Ni under the conditions studied.

Differences in the chelating resins were observed although same 
functional group are present in both resins (bis-picolylamine). In our 
modeling, we considered the same parameters including porosity and 
particle size distribution, and results were in accordance with experi
mental data. On the other hand, the difference in metallic ions adsorp
tion might be related to physical reactions and not by chemistry. Our 
hypothesis is that Dowex M4195 has slightly lower bead size than 
Lewatit TP 220 [82], and this hypothesis is in accordance with Wes
selborg et al. (2024) which observed differences in metallic ions 
adsorption in battery recycling process by Lewatit TP 260 and Lewatit 
MDS TP 260 (both with aminomethylphosphonic acid functional group) 
where smaller resin beads prevented early breakthroughs, allowing 
operation at increased volume flowrates [45].

In addition, lower flow rates generally favor adsorption by Dowex 
M4195. Values of qi(Cin) for Co are similar and relatively high (≈ 2.0×

103 mol/m3
solid) at 3 and 6BV/h, while at 9BV/h the capacity drops to 

below 8.9× 102 mol/m3
solid. For Ni, the highest Dowex M4195 equilib

rium capacity is obtained at 3BV/h (≈ 1.69× 104 mol/m3
solid) and 

decreasing as the flow rate increases to 6 and 9BV/h, consistent with the 
longer contact time at lower flow rates that enhances mass transfer and 
allows the bed (resins) to approach equilibrium more closely. For Lew
atit TP 220, Ni also shows its highest capacity at 3BV/h and a reduction 

Table 3 
Precipitation efficiency of Ni and Co varying the pH by NaOH at 80 ◦C for 
30 min.

pH Ni Co

7.5 34.6% 36.0%
8.0 90.7% 91.9%
8.5 97.4% 97.1%
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at higher flow rates, whereas Co presents a milder trend with somewhat 
increasing capacities from 3 to 9BV/h. According to the calculations and 
modeling optimization, the flow rate 3BV/h was the most favorable flow 
rate for maximizing adsorption especially for Ni, which dominates the 
adsorption on both chelating resins. Similar conclusion regarding flow 
rates were observed for battery recycling [45] and Ni laterite processing 
[83–85].

Finally, comparing the metallic ions in column adsorption, Ni is 
clearly the strongly metallic ion adsorbed in all cases (chelating resin 
and flow rate). Ni reaches values more than twice (Dowex M4195) and 
five-fold (Lewatit TP 220) those of Co at 3BV/h and remain superior at 6 
and 9BV/h (Fig. 5). The equilibrium capacity qeq for Co and Ni (Fig. 6) 
shows that Dowex M4195 exhibits systematically higher capacities than 
Lewatit TP 220 at all flow rates, where the highest capacities are 
observed at the lowest flow rate (3 VL/h) and qeqdecreases as the flow 
rate increases to 6 and 9BV/h, reflecting the reduction in contact time 
between liquid and solid. Ni shows significantly larger qeqvalues than 
Co, indicating a stronger affinity for both resins. These trends are 
consistent with the behavior observed in the breakthrough curves 
(Fig. S3) and with the quantitative analysis presented in the equilibrium 
tables.

Our experimental data and calculations determined that Dowex 
M4195 is the more efficient resin, and lower flow rates are generally 
more favorable for achieving higher adsorption capacities. High con
centrations of Ni and Co ions (Ni 18.08 g/L, Co 5.03 g/L) lead to rapid 
penetration of resin, which requires complex operations and increases 
the complexity of the process. Based on our study, future studies may 
benefit and explore recycling of ions exchange resins and long-term 
operation for economic analysis.

3.5. Flowchart proposal and LCA

Based on lab experiments, we proposed a flowchart (Fig. 7a) for 

recycling NMC811-type Li-ion batteries. The mass balance was calcu
lated and used for LCA discussion. Considering almost 1 kg of cylindrical 
cells, about 31.4% is separated in dismantling (milling and physical 
separation) corresponding to plastics, Cu and Al foils, and external 
structure. Most valuable products are cathode materials – MnO2 (88.6 g 
/ kg black mass), Ni–Co oxalate (734.4 g / kg black mass) or Ni-Co- 
hydroxide as mixed hydroxide (Fig. S4), Al(OH)2 (38.9 g / kg black 
mass), and LiOH (128.9 g / kg black mass). Indeed, leaching without 
external reducing agent (e.g., H2O2) is dependent on amount of Al foils 
in black mass for acid leaching, which can be impacted by physical 
sorting efficiency [86]. As previously discussed (chapter 3.2), there is 
lower environmental and cost impacts avoiding the use of H2O2 as 
reducing agent, and the presence of Al ions in the leaching solution does 
not impact a flexible process that will leach together Al-bearing black 
mass as in LCA (LiCoAlO2) cathode batteries [26]. However, the amount 
Al foils necessary is dependent on the composition of black mass. For 
instance, in our study, only 13.65 g of Al was leached for complete 
leaching of NMC cathode material in black mass which represents 49% 
leaching efficiency, and it corroborates with our previous studies for LFP 
[87], NMC [24] and LCA [26], and also corroborate in another study for 
LFP recycling [37]. Future recycling process can use these studies 
(including this manuscript) to define better conditions for acid leaching.

For application to other types of cathode materials, such as NCA and 
LCO, small modifications in the flowchart are necessary. For instance, in 
NCA battery recycling, the Mn precipitation step is not necessary, while 
requires more precipitation of Al (from cathode and foil) [26]. In LCO 
recycling, higher concentration of Co ions is present in leaching solution, 
and no presence of Ni ions results in a pure Co-oxalate product (99.2%) 
[42]. In general, process parameters will slightly change depending on 
the cathode type keeping the purification steps.

For LCA (Fig. 7b), we considered the following categories as most 
important for critical materials production from recycling: GWP which 
calculates the CO2 generated in the process as kg-CO2eq; PED which 

Fig. 3. Breakthrough curves of Co and Ni on Dowex M4195 at different flow rates (3, 6, and 9 BV/h). The symbols represent the experimental values of the 
dimensionless concentration C/Cinas a function of time and the shaded region under each curve highlights the area to calculate Δni.
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calculates the depletion of renewable and non-renewable resources; and 
Mineral Resources Scarcity. For analysis, we considered the production 
of 1ton LiOH. Transportation of spent batteries, collection and storage 
are out of scope, as well as potential use of these materials for battery 
production. We understand that LCA requires more details and discus
sion as previously discussed in literature [14,20], but here our goal is to 
demonstrate a hydrometallurgical route design allied to environmental 
impact of the process proposed. We propose technical and environ
mental analysis for a new recycling process for Li-ion batteries. For the 
first time, such LCA includes the use of ozone for precipitation in a hy
drometallurgical route, which is important for future implementations.

About 1.46 × 106 kg-CO2eq would be generated to produce 1 ton of 
LiOH (Table S6) and energy consumption would primarily come from 
non-renewable fossil resources (18.8TJ, Table S7). Fossil CO2 is the main 
air emission (91.8% of the emissions generated during the recycling 
route). N2O represented 4.08% of emissions, followed by fossil methane 
(2.48%) and CO2 (1.15%). Oxalic acid is responsible for 94.3% of the 
environmental impact generated by the developed route, which is in 
accordance with current organic acid production process that has higher 
environmental impact than inorganic acids [43]. Allied to experimental 
work, we proposed the separation and production of mixed hydroxide 
precipitate (Ni–Co) instead of oxalate compound (Fig. S4), and decision 
for the choice of oxalate or hydroxide will be made based on market. 
Regarding our data, the environmental impact is higher than previously 
reported in literature due to the complexity of steps and separation 
techniques [20,40,43], but it has potential to be lower than mining 
process with recovery of 95% of materials from spent batteries.

Fig. 4. Breakthrough curves of Co and Ni on Lewatit TP 220 at different flow rates (3, 6, and 9 BV/h). The symbols represent the experimental values of the 
dimensionless concentration C/Cinas a function of time and the shaded region under each curve highlights the area to calculate Δni.

Table 4 
Summary of breakthrough results for Co and Ni on Dowex M4195. Volumetric 
flow rate Q, the inlet concentration Cin, the total amount adsorbed in the column 
Δn, the corresponding amount per unit bed volume Δn/Vbed, and the equilib
rium solid-phase concentration qi(Cin).

Metal Flow 
rate

Q (m3/s)
Cin

(
mol
m3

)
Δn/Vbed 
(
mol/m3

bed
)

qi(Cin)
(
mol/m3

solid
)

Co 3BV/ 
h 6.94 × 10− 8 81.55 828.24 1996.15

Ni 308.04 6796.16 16,944.25
Co 6BV/ 

h 9.26 × 10− 8 81.55 829.09 1998.32
Ni 308.042 5416.39 13,406.38
Co 9BV/ 

h
4.63 × 10− 8 81.55 397.56 891.82

Ni 308.04 3426.96 8305.27

Table 5 
Summary of breakthrough results for Co and Ni on Lewatit TP 220. Volumetric 
flow rate Q, the inlet concentration Cin, the total amount adsorbed in the column 
Δn, the corresponding amount per unit bed volume Δn/Vbed, and the equilib
rium solid-phase concentration qi(Cin).

Metal Flow 
rate

Q (m3/s)
Cin

(
mol
m3

)
Δn/Vbed 
(
mol/m3

bed
)

qi(Cin)
(
mol/m3

solid
)

Co 3BV/ 
h 4.0 × 10− 8 8.4 × 101 2.0 × 102 3.9 × 102

Ni 8.4 × 101 8.1 × 102 2.0 × 103

Co 6BV/ 
h

5.6 × 10− 8 8.4 × 101 2.3 × 102 4.5 × 102

Ni 8.4 × 101 5.7 × 102 1.3 × 103

Co 9BV/ 
h

6.9 × 10− 8 8.4 × 101 2.7 × 102 5.7 × 102

Ni 8.4 × 101 5.0 × 102 1.2 × 103
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For industrial scaling, a few challenges can be mentioned: ozone 
production from air (21% O2) instead of concentrated oxygen gas 
(>90%) to reduce costs, and electricity consumption for ozone pro
duction; ion exchange chelating resin regeneration and the use of col
umns in series and in parallel; include in environmental assessment the 
impact of spent batteries generation and production of new batteries 
from the recycling process; and include new types for Ni-rich batteries 
(such as NMC 90.50.5 and LMO).

4. Conclusions

The aim of this paper was the development of a hydrometallurgical 
processing flowchart of NMC batteries with flexibility to recycle all types 
of Ni-rich batteries. Physical processing can be applied for different 

types of batteries (prismatic, pouch and cylindrical) to remove plastic, 
external structure, and foils (mostly Cu) fractions. In acid leaching of 
black mass, remained Al foil works as a better option for reducing agent 
than H2O2, where H2SO4 is still the best economic and environmental 
option. Mn precipitation by ozone reaches 99% efficiency with 96% 
purity (4% Co oxide) which represents a better option than solvent 
extraction considering losses of Co and extraction/stripping steps; 
however, time (5 h) and ozone consumption (3.0 L/min O2) are chal
lenges to be overcome in upscaling steps. Ion exchange chelating resins 
can be used for separation of Ni and Co over Al and Li. We demonstrated 
by experimental data and optimization modeling that differences in 
particle size of Dowex M4195 and Lewatit TP 220 impacts adsorption 
capacity even having the same functional group (bis-picolylamine). 
Oxalic precipitation represents a direct alternative for Ni and Co 

Fig. 5. 3D surface plots of Co and Ni breakthrough (C/Cᵢₙ) as a function of time and flow rate for Dowex M4195 and Lewatit TP 220.

Fig. 6. Equilibrium capacities qeqof Co and Ni on Dowex M4195 and Lewatit TP 220 resins at different flow rates.
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precipitation as mixed product after Al precipitation by NaOH, with 
slightly co-precipitation of Li (3.5%–5.1%). Sulfate ions were removed 
by precipitation to produce a high pure LiOH solution, but it can be 
easily replaced by electrochemical separation (e.g., electrodialysis). No 
detection of Na, Ca and Cl was observed in Ni–Co oxalate and LiOH. 
Recovery efficiencies were 99.2% for Mn, 94.6% for Ni, 96.3% for Co, 
and 87.8% for Li. Al recovery in hydrometallurgical processing was 
99.1% considering recovery of foil particles after leaching. About 1.46 
× 106 kg-CO2eq would be generated to produce 1 ton of LiOH, lower 
than mining process with recovery of 95% battery materials.
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Electric car battery: an overview on global demand, recycling and future 
approaches towards sustainability, J. Environ. Manag. 295 (2021) 113091, https:// 
doi.org/10.1016/j.jenvman.2021.113091.

[18] J. Lim, Y. Jang, J. Lee, C. Lee, O. Jbari, K. Kwon, E. Chung, Hydrometallurgical 
process of spent lithium-ion battery recycling part. 2 recovery of valuable metals 
from the cathode active material leachates: review and cost analysis, 
Hydrometallurgy 236 (2025) 106516, https://doi.org/10.1016/j. 
hydromet.2025.106516.

[19] Y. Ning, Y. Zhang, H. Li, Z. Yu, G. Wei, J. Qu, Recovery of valuable metals from 
LiNixCoyMnzO2 and LiFePO4 mixed leachate based on thermodynamic 
calculations and experimental optimization, J. Water Process Eng. 71 (2025) 
107274, https://doi.org/10.1016/j.jwpe.2025.107274.

[20] F. Duarte Castro, E. Mehner, L. Cutaia, M. Vaccari, Life cycle assessment of an 
innovative lithium-ion battery recycling route: a feasibility study, J. Clean. Prod. 
368 (2022) 133130, https://doi.org/10.1016/j.jclepro.2022.133130.

[21] L. Schlott, M. Gutsch, J. Leker, Cost modelling and key drivers in lithium-ion 
battery recycling, Nat. Rev. Clean Technol. (2025), https://doi.org/10.1038/ 
s44359-025-00095-5.

[22] G. Zhu, Q. Yang, X. Guo, D. Yu, A.M. Mitrašinović, Q. Tian, H. Feng, K. Zhang, 
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[25] L.F. Guimarães, A.B. Botelho Junior, D.C.R. Espinosa, Sulfuric acid leaching of 
metals from waste Li-ion batteries without using reducing agent, Miner. Eng. 183 
(2022) 107597, https://doi.org/10.1016/j.mineng.2022.107597.

[26] R.H. de Castro, D.C.R. Espinosa, L.A. Gobo, E.A. Kumoto, A.B. Botelho Junior, J.A. 
S. Tenorio, Design of Recycling Processes for NCA-type Li-ion batteries from 
electric vehicles toward the circular economy, Energy Fuel 38 (2024) 5545–5557, 
https://doi.org/10.1021/acs.energyfuels.3c04904.

[27] W. Chu, Y.L. Zhang, X. Chen, Y.G. Huang, H.Y. Cui, M. Wang, J. Wang, Synthesis of 
LiNi0.6Co0.2Mn0.2O2 from mixed cathode materials of spent lithium-ion 
batteries, J. Power Sources 449 (2020) 227567, https://doi.org/10.1016/j. 
jpowsour.2019.227567.

[28] G. Harper, R. Sommerville, E. Kendrick, L. Driscoll, P. Slater, R. Stolkin, A. Walton, 
P. Christensen, O. Heidrich, S. Lambert, A. Abbott, K. Ryder, L. Gaines, 
P. Anderson, Recycling lithium-ion batteries from electric vehicles, Nature 575 
(2019) 75–86, https://doi.org/10.1038/s41586-019-1682-5.
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[46] D.C.R. Espinosa, J.A.S. Tenório, A.B. Botelho Junior, A.M.N. de O. Lima, D. da S. 
Vasconcelos, J.M. de A. Sales, S. Rovani, M.E. de M.G. Dias, R.H. de Castro, L. 
A. Gobo, E.A. Kumoto, Battery recycling process, PCT/BR2023/050069, 2023.
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[66] A.S. Guimarães, M.B. Mansur, Selection of a synergistic solvent extraction system 
to remove calcium and magnesium from concentrated nickel sulfate solutions, 
Hydrometallurgy 175 (2018) 250–256, https://doi.org/10.1016/j. 
hydromet.2017.12.001.

[67] S. Virolainen, T. Wesselborg, A. Kaukinen, T. Sainio, Removal of iron, aluminium, 
manganese and copper from leach solutions of lithium-ion battery waste using ion 
exchange, Hydrometallurgy 202 (2021) 105602, https://doi.org/10.1016/j. 
hydromet.2021.105602.

[68] S. Gmar, L. Muhr, F. Lutin, A. Chagnes, Lithium-ion battery recycling: metal 
recovery from electrolyte and cathode materials by electrodialysis, Metals (Basel) 
12 (2022), https://doi.org/10.3390/met12111859.

[69] M.L. Strauss, L.A. Diaz, J. McNally, J. Klaehn, T.E. Lister, Separation of cobalt, 
nickel, and manganese in leach solutions of waste lithium-ion batteries using 
Dowex M4195 ion exchange resin, Hydrometallurgy 206 (2021) 105757, https:// 
doi.org/10.1016/j.hydromet.2021.105757.

[70] M. Streat, APPLICATIONS OF ION EXCHANGE IN HYDROMETALLURGY, 1986, 
pp. 449–461.

[71] M.L. Inamuddin, Ion Exchange Technology I, Springer Netherlands, Dordrecht, 
2012, https://doi.org/10.1007/978-94-007-1700-8.
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Membrane-based electrochemical separation: effect of co-ions on Li separation in 
battery recycling, Sep. Purif. Technol. 382 (2026) 135766, https://doi.org/ 
10.1016/j.seppur.2025.135766.
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