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ARTICLE INFO ABSTRACT

Keywords: The optimization of lithium-ion batteries (LiBs) recycling is crucial not only from a waste management

SOIVEHF extraction perspective but also to decrease the dependence on imports of critical raw materials. In addition, the diversi-

Recycling fication of the recycling technologies is very important for better flexibility of the market. This study aims at

Cobalt . s . . . . .
R . investigating the recovery of Co from spent LiBs using solvent extraction from a real chloride-based solution

Lithium-ion batteries X A

Cyanex 272 obtained after the removal of Mn, which is very rarely reported. Cyanex 272 was used as the extractant and the

effect of several variables on the extraction efficiency was considered to model and optimize the separation of Co
and Ni. The number of extraction stages directly affects not only the process efficiency but also its cost. Thus, in
this work, a novel approach was developed to assist in the selection of the number of extraction stages using a
dynamic method based on the factorial design of experiments and response surface methodology combined with
the Kremsers Equation. This method can assist the process design, decrease the overall cost of the operation, and
optimize the separation of Co and Ni in a reduced number of extraction stages. The concentration of Co and Ni in
the feed solutions is ~ 8.3 g/L and 1.9 g/L, respectively. Based on the results, 98% extraction efficiency for Co
can be achieved in 1 to 2 extraction stages with low co-extraction of Ni (<5%) when using 0.6-0.8 M Cyanex
272, O:A ratio below 1 and pH ~ 5, but several combinations of conditions could provide similar results.

1. Introduction

Lithium-ion batteries (LiBs) are key in the transition to a fossil-fuel-
free society and their use in electric vehicles (EVs) and stationary energy
storage has grown exponentially in the last years [1]. In 2021, EV sales
reached a new record of 6.6 million and nearly 10% of global car sales
were electric, which represents four times the market share in 2019 [2].
This increasing trend is expected to continue boosting the LiBs battery
market, which is projected to grow 30% per year until 2030, mainly
driven by electric vehicles [3,4].

With the increasing demand for LiBs, the supply risk of raw materials
creates an additional challenge to developing high-density, low-cost
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batteries for EVs [5]. Cobalt (Co) has been recognized as an essential
element for LiB cathode chemistry and it has been used from the first
cathode commercialized (LiCoOy) in 1991 to the present Li[Ni,Co,(Mn
or AD1_x_y]02 [5], offering high conductivity and stable structural
stability throughout charge cycling [6]. Co can account for 20% of the
weight of the cathode in EV LiBs [7] and it is considered the highest
material supply chain risk for EVs in the short and medium-term [7].
Cobalt is produced mainly as a by-product or co-product of Ni and Cu
and for this reason, its supply is not independent of other commodity
businesses [8 7]. Additionally, mining and refining of Co involve envi-
ronmental and social concerns [5] — in 2018, ~60% of the worldwide
mine production of Co originated from Cu-Co ores in the Democratic
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Republic of the Congo, where geopolitical instability and unethical
working conditions are well documented and can impact the Co exports
[9]. Consequently, given its strategic importance associated with supply
risks, Co is present in the list of critical raw materials for the European
Union since it was first published in 2011 [10] and it is also classified as
a critical resource for the United States [11]. In addition, there has been
a strong pressure to reduce Co from current cathode materials, moti-
vated by economic, environmental, security, and societal drivers [5 7].
Even though the battery makers continue to move to lower Co content
chemistries (and even Co-free chemistries by 2030), the rise in global
demand for EV batteries still increases the total Co demand this decade
[2]. In this context, sustainable recovery of metals from spent LiBs may
be of great significance regarding the conservation of metal resources
[12] and closed-loop recycling can help create additional supply and
alleviate the demand for primary resources [13] and its impacts.

An overview of the recovery of Co from spent LiBs was recently
published by Mansur et al. [14]. Among the main recycling methods for
spent LiBs (pyrometallurgy, hydrometallurgy and a combination of
both), the hydrometallurgical approach has attracted increasing atten-
tion and is currently the mainstream method for laboratory research and
industrial application [12 15]. Additionally, transition metal separation |
using solvent extraction is generally needed after pyrometallurgical
processing. Thus, there is no possibility to avoid using hydrometallurgy
in LiBs recycling. However, the leaching liquors obtained from spent
LiBs are complex and contain not only Co ions, but also Ni, Mn, Cu, and
other metal ions. For this reason, it is difficult to obtain pure Co com-
pounds from these solutions, given the similar physicochemical prop-
erties of these metals [16]. Traditionally, Co and Ni have been separated
by selective oxidation and/or precipitation of Co. However, unlike the
precipitation processes, solvent extraction provides the opportunity for
better Co/Ni separation, with high yields and purity of the separated
metals [17,18].

When it comes to solvent extraction extractants, the separation
ability of Co and Ni increases in the order of phosphinic > phosphonic >
phosphoric acid, which can be attributed to the increasing stabilization
of tetrahedral coordination of cobalt complexes with the extractant in
the organic phase, since the tetrahedral compound is more stable than
the octahedral one [19]. Thus, commercial extractants like Cyanex 272,
D2EPHA and PC 88A should primarily be used depending on the solu-
tion composition [20]. Cyanex 272 offers some advantages over the
alternative organophosphorus extractants, including high Ni/Co selec-
tivity, the ability to reject Ca [21], and it allows the solvent extraction of
Co from liquors containing very different ratios of cobalt and nickel
[22]. According to Flett [22], by 2005, there were 13 plants located in
Western Europe, South America, Canada, Africa, China, and Australia
using Cyanex 272 for Co separation and recovery from Ni, and the
extractant was used to produce ~ 50% of Co in the Western world.
However, an issue in Co extraction is the stability of the organic phase.
Co2 + ion can act as a catalyst to oxidize hydrocarbon diluents to car-
boxylic acids, which would reverse the Co/Ni selectivity obtained with
Cyanex 272. A standard practice to improve diluent stability is using
phenolic oxidation inhibitors, such as BHT (butylhydroxytoluene), to
prevent carboxylic acid formation, maintain cobalt-nickel selectivity
and facilitate normal plant operations [22,23].

The selective removal of Co from leachates from spent LiBs using
solvent extraction has been widely investigated and the main results of
some of these studies are presented in Table 1. However, process opti-
mization is usually performed by varying one variable at a time, without
evaluating the interaction effects of process variables. In this context,
the main goal of this study was to implement an improved method to
optimize the solvent extraction of Co and its separation from Ni using
factorial design of experiments and response surface methodology to
evaluate the interaction effect of different variables on the operation.
The tests were carried out using Cyanex 272 as the extractant and a
chloride-based raffinate, which is another innovative aspect of this work
considering that chloride-media has been very rarely investigated when
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Summary of conditions from published studies on the solvent extraction of Co from LiB solutions (best conditions reported).

Table 1
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compared to sulfate media solutions but could allow the reuse of hy-
drochloric acid recovered from different processes and also to decrease
the consumption of NaOH. The raffinate was obtained after the removal
of Mn by solvent extraction with D2EHPA from a leachate produced
from spent LiBs. Additionally, an novel method to optimize the number
of extraction stages to reach 98% Co extraction efficiency and estimate
the co-extraction of Ni under varied operational conditions was devel-
oped in this study. For this, the measured Co and Ni concentrations were
used to fit regression models predicting concentration of Co and Ni
depending on the process conditions, which were then used to perform a
dynamic optimization of the number of extraction stages using the
Kremsers equation. This approach can help to improve the process
design, decreasing costs and improving its resource efficiency.

2. Materials and methods
2.1. Sample preparation: Solid samples and physical processing

The physical processing of the battery packs was performed by
Accurec Recycling GmbH (Germany). Battery packs from different
sources and chemistries were discharged in a vacuum chamber and then
mechanically treated using an impact mill, liberating the cells from their
casing. The cells were subjected to pyrolysis using an electrically heated,
stainless-steel retort with an attached subsequent condensing system
and redundant evacuation equipment. The electrolyte was distilled
during the process by incremental heating and organic components
present in the separator and binder were pyrolyzed. The outcome frac-
tion was submitted to shredding and magnetic separation of the Fe-rich
fraction and steel casing. The resultant material was sieved, and the fine
fraction (<1 mm) was used in the hydrometallurgical route.

2.2. Sample preparation: leaching, purification, and removal of Mn

The leachate used in this study was produced by the Institute IME
Process Metallurgy and Metal Recycling (RWTH Aachen University,
Germany) through the acid leaching of the black mass (fine fraction, < 1
mm) using 4 M HC, 50 g/L H205 (35%), solid to liquid ratio of 100 g/L,
300 rpm, 120 min at 80 °C. The leachate was purified by cementation
with Fe to remove Cu, followed by precipitation with NaOH (5 M) to
remove Al and Fe. After that, the pH was increased to ~ 10 using NaOH
and Ni, Co, and Mn were precipitated as a mixture of hydroxides.
Leaching, cementation, and purification were carried out as batch re-
actions. The mixture of hydroxides was sent to the Industrial Materials
Recycling group (Chalmers University of Technology, Sweden) as a
pulp, which was redissolved in 0.5 M HCI (4.20 g/L Mn, 13.3 g/L Co, 2.8
g/L Ni). Mn was then removed from this solution by solvent extraction in
mixer-settlers operating in counter-current (aqueous phase and organic
phase flow in opposite directions in the mixer-settlers) at the following
conditions: 2 extraction stages using 0.5 M D2EHPA (di-(2-ethylhexyl)
phosphoric acid, diluted in Isopar L), organic to aqueous ratio (O:A) of
1:1 and equilibrium pH of 2.3; 1 scrubbing stage using 4 g/L Mn
(MnCly-4H50), O:A 1:1; 1 stripping stage using 0.5 M HCl, O:A 1:1. The
flow rate for all the streams was constant (5 mL/min, volume of the
mixer-chamber 30 mL, volume of the settling area 120 mL, residence
time in the mixing chamber ~ 6 min). The extraction efficiency of Mn
was 96%, while around 18% Co, 15% Li and 13% Ni were co-extracted
in two stages but could be quantitatively removed from the loaded
organic by scrubbing. The concentration of the final raffinate is pre-
sented in Table 2 and it was used in the solvent extraction experiments to
separate Co from Ni.

2.3. Preparation of the organic phase
Bis(2,4,4-trimethylpentyl) phosphinic acid (commercially available

as Cyanex 272, Cytec) was used as the extractant as it was supplied,
without any additional purification, and Isopar L (high purity synthetic

Separation and Purification Technology 307 (2023) 122793

Table 2
Concentration in the raffinate after solvent extraction of Mn with D2EHPA in
mixer-settlers.

Element Concentration (mg/L) Element Concentration (mg/L)
Co 8318 Cu 100

Ni 1947 Mg 9

Li 900 Al < LOD*

Mn 143 Zn < LOD*

*LOD: limit of detection.

isoparaffinic hydrocarbon fluid, C11-C13. <2% aromatics, ExxonMobil
Chemical [31,32]) was used as the diluent. The extractant was saponi-
fied to start extraction experiments closer to the pH range of interest and
to make it easier to adjust the pH. The saponification can be described
according to Eq. (1), while the extraction mechanism with the saponi-
fied extractant can be represented by Eq. (2) [33].

HA + NaOH < H,0 + NaA (€)]
MNGA (org) + M"" (ag) & MAy(org) + mNa,, (2)

where HA represents the extractant, M™" represents the metal cations,
and MAporg) the complex formed. In the extraction process, no H* is
released and higher equilibrium pH can be held, which promotes higher
extraction efficiency [33].

Extractant solutions with different saponification rates were used
and were prepared by adding stoichiometric amounts of 10 M NaOH.
The saponification was performed in sealed plastic cups (100 mL) while
heating with a water bath and mixing with a magnetic stirrer at 500 rpm.
Isopar and NaOH were added to the cup and were preheated to 50 °C.
Cyanex 272 at 50 °C was then added to the cup and the solution was left
to react for 1 h at the same temperature and stirring speed.

2.4. Experimental setup and preliminary experiments

Preliminary extraction tests investigating the effects of contact time
and saponification ratio were performed in glass vials (3.5 mL) at room
temperature using an O:A of 1:1. A shaking machine (IKA, VXR basic
Vibrax®) operating at 1000 vibrations per minute was used to promote
contact between phases. After a set time limit, the phases were separated
by centrifugation (Frontier™ 5000 series, OHAUS) at 5000 rpm for 5
min. The pH of the aqueous phase was measured using a pH electrode
(905 Titrando, Metrohm) which was regularly calibrated before the
experimental procedures. Samples were taken from the aqueous phase
and were diluted with 0.5 M HNOj3 (ultrapure grade, 69-70%, Sigma
Aldrich) to analyze their chemical composition with Inductively
Coupled Plasma - Optical Emission Spectroscopy (ICP — OES, iCAP™
PRO XP, ThermoFisher).

Further preliminary tests studying the effects of pH, the concentra-
tion of Cyanex 272, organic to aqueous ratio (O:A) and addition of 5%
tributyl phosphate (TBP) as a modifier in the organic phase, were per-
formed in plastic containers (100 mL). A stirrer from mixer-settler
equipment operating at 1000 rpm was coupled to the plastic con-
tainers and used for contacting phases. All tests were performed at room
temperature using a total volume of 30 mL. This setup was also used in
the optimization of the extraction process as described in section 2.3.
Extractant solutions were 20% saponified and the pH was thereafter
adjusted by the dropwise addition of 10 M NaOH or 5 M HCI to the
system followed by 15 min of stirring. After contacting, phases were left
to separate for at least 10 min and the pH of an aqueous phase sample
was measured.

When the pH reached a desired level, a sample was taken from the
aqueous phase, diluted with 0.5 M HNOg3 (ultrapure grade, 69-70%,
Sigma Aldrich) and analyzed with ICP — OES. The elemental composition
of the organic phase was determined by mass balance, considering the
initial elemental composition of the solution shown in Table 2 (raffinate
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after the removal of Mn) and the final concentrations measured by ICP —
OES in the raffinate. The extraction efficiency for different elements was
determined using Eq. (3).

Dy

E =100 X ———————— 3
(%) x DX + Vaq/vorg ( )

where Vi and Vg are volumes of the aqueous and organic phase
respectively. The distribution factor Dy was also used to get an under-
standing of the extraction behaviorof different elements and can be
calculated using Eq. (4)

CX.()rg
Dy = X 4
= 4

where Cx,org and Cy 44 are concentrations of element X in the organic and
aqueous phase respectively. To quantify the degree of separation be-
tween two analytes (X and Y), the separation factor  in Eq. (5) can also
be used.

=D, 6]

B

2.5. Optimization using factorial design of experiments

Optimization of the extraction process was accomplished using the
design of experiments and response surface methodology. Factorial
design is a useful technique to investigate main and interaction effects of
variables chosen in a design of experiment, being helpful to investigate
the interaction effects of independent variables on the process outputs
(dependent variables) [34]. The values experimentally obtained through
different combinations of factors are statistically analyzed and the pro-
cess response obtained for a combination of factor levels is represented
by a function. It is assumed that the responses can be predicted by low-
order polynomial functions of the independent variables, which are
determined as a particular case of multiple linear regression [35-37]. A
detailed explanation of these methods is given by Montgomery [38]. An
inscribed central composite design (CCI) with @ = 0.59 was used to
optimize the separation of Co and Ni and avoid extreme conditions in the
highest factor levels. The experimental error was estimated with 4
replicates of the center point experiment. All experiments were per-
formed in random order. The effects of three factors on responses were
investigated: organic to aqueous ratio (xj), pH (x2) and concentration of
Cyanex 272 (xs3). The factor levels are shown in Table 3 and were
selected based on results from preliminary tests and literature review.

Measured concentrations of Co, Ni, Mn, Cu and Li in the raffinate
were used to calculate extraction efficiencies for each metal using Eq.
(3), which were used as process responses (Y). Efficiencies for Co and Ni
were used to fit linear second-order regression models with interaction
terms using the least squares method. Regression terms were tested on a
95% confidence basis by comparing standardized effects of regression
coefficients against a t-distribution. Only significant terms were
included in the regression model. Analysis of variance (ANOVA) was
used to determine the significance of regression models and test for lack
of fit (95% confidence basis). The coefficient of determination (R%) was

Table 3
Factorial levels used in the experimental design.
Factors Coded Levels
iabl. _
variable Low Standard High
D (0) +D
Organic to aqueous ratio (O: X1 1:2 1:1 2:1
A, dimensionless)
Equilibrium pH X2 4 5 6
(dimensionless)
Concentration of Cyanex X3 0.4 0.6 0.8

272 (M)

Separation and Purification Technology 307 (2023) 122793

used to evaluate the goodness of fit of each model. Response surfaces
and contour plots were used to visualize the results from the fitted
models for Co and Ni and aid in the optimization of extraction
conditions.

2.6. Dynamic optimization of the number of extraction stages

The concentrations of Co and Ni measured in the raffinate in the
factorial design were used to perform a dynamic optimization of the
number of extraction stages required to achieve an extraction efficiency
of 98% Co. For this, these concentrations were used to also fit regression
models predicting the concentration of Co and Ni in the raffinate
depending on the process conditions. From these models and knowing
the initial concentration of Co and Ni in the feed solution (Table 2), the
estimated concentrations of Ni and Co in the loaded organic were
calculated by mass balance. The results were used as input for Kremsers
equation (Eq. (6)) to predict the number of extraction stages theoreti-
cally needed to reach 98% extraction efficiency for Co under several
combinations of process conditions and to estimate the resulting co-
extraction of Ni.

(P-1

(Pn+1-1) ©)

o=
Where ¢ is the non-extracted fraction and P is the extraction factor that
can be calculated using Eq. (7).

P=Dx0® )

Where D is the distribution factor and © is the phase ratio that represents
the ratio between the volume of organic phase (V,rg) and the volume of
aqueous phase (V,q). When P < 1, Eq. (8) was considered to relate the
process efficiency to the number of extraction stages.

1

(n+1) ®

b=

3. Results and discussion
3.1. Preliminary tests: Effect of contact time and saponification rate

The effect of the contact time on the extraction efficiency of different
metals was evaluated using different saponification levels (Fig. 1). The
extraction of Li was in general low (<15%) and the results were omitted
from the graphs. Magnesium had low extraction efficiencies (<25%) and
since it is present in a very low concentration in the feed solution, its
behavior was also not followed. For Co, the extraction efficiency was not
stable after 10 and stabilized after 15 min of contact time and for this
reason, the contact time was set at 15 min in the next experiments. The
average pH for different saponification levels was 10% = 3.6, 20% =
3.9, 30% 4.2, 40% = 4.5, 50% = 5.5 and 60% = 5.6 (standard deviation
=+ 0.1). Based on these results, to have a better control of pH and study its
effects on the extraction, it was decided to set the saponification rate at
20% in the following preliminary tests.

3.2. Preliminary tests: Effect of extractant concentration on efficiency

The effect of different concentrations of Cyanex 272 on the extrac-
tion efficiency at different pH is shown in Fig. 2. Increasing concentra-
tions of extractant and pH promoted an increase in the extraction
efficiency. As expected, Co, Cu and Mn had similar behavior, however,
the concentration of Co in the feed solution was much higher (>8 g/L
Co) than the other metals (~100 mg/L Cu and Mn). Cyanex 272 had a
better selectivity towards Co/Ni and the extraction efficiency of Ni (~2
g/L in the feed) remained low at pH below 5.5 and then started to in-
crease with the increase of pH. The extraction efficiency of Li remained
low (<8%) and it was not represented in these graphs (see Fig. 3).
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Fig. 1. Extraction efficiencies at different contact times and saponification ratios. Conditions: 0.4 M Cyanex 272 and O:A of 1:1, contact time: 1, 2, 5, 8, 15, 20 and

30 min.

Increasing the pH above 6 is not recommended and can cause precipi-
tation of cobalt hydroxide and third phase formation, which is related to
the high viscosity of the organic phase [30]. Moreover, according to
Devi et al. [39] Cyanex 272 extraction systems should be operated at a
maximum of 60% of the loading capacity, to prevent a large increase in
viscosity and consequent decrease in the mass transfer rate. Although
precipitation was not observed in the experiments at pH above 6,
possibly because the extraction reaction is fast, an increase in the vis-
cosity of the loaded organic was visually observed with the increase in
the pH, where loading of the extractant was high. Therefore, the pH was
limited to 6 in the factorial design of experiments and the same range of
concentrations of extractant as in the preliminary experiments was
tested.

3.3. Preliminary tests: Effect of organic to aqueous ratio on efficiency

Increasing the O:A ratio led to an increase in the extraction of Co, Ni,
and Li, which is expectable since it represents higher availability of
extractant to react with (Fig. 3). Cu and Mn are not represented in the
graphs and were fully extracted at pH above 5, regardless of the O:A
ratio. Lowering the equilibrium pH could increase the selectivity of the
extractant towards Co even when using a higher O:A ratio and therefore,
the O:A 2:1 was selected as the highest level to be tested in the design of

experiments (DOE) for this variable. However, it is important to mention
that a high O:A ratio decreases the concentration of the target metal in
the loaded organic and the purity, and for this reason, lowering the O:A
ratio to 1:2 was also evaluated in the DOE.

3.4. Preliminary tests: Effect of the use of modifier

TBP (tributyl phosphate) is commonly used as a modifier in the
solvent extraction of Co and it was employed in some of the studies
reported in Table 1. The role of a modifier is to prevent the third phase
formation, but the extractive properties can also be affected by modifiers
[40]. In this work, the effect of adding 5% v/v TBP (Sigma-Aldrich,
>99%) in the organic phase was compared to the absence of the mod-
ifier and the results are presented in Fig. 4. The addition of 5% v/v TBP
did not promote a relevant increase in the extraction of Co, Mn, or Cu. A
slight increase in the extraction of Li was observed. An increase in the
extraction of Ni was verified at pH levels up to 5.5, which could nega-
tively affect the separation of Co and Ni. Additionally, since no problems
with phase separation were observed, it was decided to not use TBP in
the subsequent experiments.
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Fig. 4. Extraction efficiencies of metals at different pH levels with 5% v/v TBP
and without TBP in the organic phase. Conditions: 15 min contacting time, O:A
of 1:1 and, 0.8 M Cyanex 272 saponified at 20%.

3.5. Factorial design of experiments and regression models

The experimental conditions considered in the factorial design of
experiments are presented in Table 4 along with the correspondent
extraction efficiencies for different metal ions (responses) and the final
concentrations measured in the raffinate for Co and Ni. Experiments 9 to
12 in the standard order correspond to replicates in the central point of
the design.

The regression models for Co and Ni extraction efficiency are rep-
resented by Egs. (9) and (10), respectively.

Co(%) =93.0 + 19.4x, +23.7x, + 13.1x3 — 12.2x,x, — 10.6x,x3 — 11.4x]
—20.5x3 —7.3x3
9

Ni(%) =10.1 4+ 10.8x; + 8.5x; + 6.9x3 + 15.9x1x; + 15.8x1x3 + 14.3xx3
+23.9x1x0%3
10)

Table 4
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Table 5
ANOVA table for regression models for Co and Ni extraction efficiencies.
Response  Source Sum of Degrees of ~ Mean F- Critical
squares freedom square value F-
value
Regression = 6442.2 10 644.2 54.64 3.64
Residual 82.5 7 11.8 - -
Co Lack of fit 81.7 4 20.4 71.54 9.12
Pure error 0.9 3 0.3 - -
Total 6524.7 17 - - -
Regression 2048.3 292.6 9.01 3.14
Residual 324.9 10 325 - -
Ni Lack of fit 240.7 7 34.4 1.23 8.89
Pure error 84.2 3 28.1 - -
Total 2373.2 17 - - -

All quadratic terms were eliminated from the model for Ni to
improve the goodness of fit (R?). The analysis of variance (ANOVA) for
the fitted models is presented in Table 5. The Residual Sum of Squares
was decomposed into the Sum of Squares due to Pure Error (estimated
from the replicates in the central level) and the Sum of Squares due to
Lack of Fit. The results of the F-tests are significant and the results of the
Lack of Fit test also indicate the adequacy of the adjusted models (p-
value > 0.05).

It is possible to observe from the coefficients of determination (R?,
Fig. 5) that the model for Co has a better fit to the experimental data. The
standardized effects of different factors on the responses for Ni and Co
efficiency are presented as horizontal bars in Fig. 6 and are more sig-
nificant the more to the right of the dashed red line they are (0.975
quantile of the Students t-distribution depending on the degrees of
freedom).

3.6. Response surfaces for the extraction of Co and Ni

Contour plots representing the response surfaces were constructed
based on the fitted models using a pair of variables (x; = organic to
aqueous ratio and x, = pH) varying from the low to the high level and
keeping a third factor constant (x3 = concentration of Cyanex 272). The
contour lines represent the extraction efficiency for Co and Ni (Fig. 7)
and the results are only valid for the range of levels of the tested vari-
ables. It is possible to observe that high Co extraction efficiencies can be
obtained for any tested concentration of Cyanex 272, provided that pH is
high enough, but an increase in pH (above 5) can enhance the co-

Experimental conditions for the inscribed central composite design (CCI) with extraction efficiency responses for Co, Ni, Mn, Cu and Li and concentrations in the
raffinate for Co and Ni. Conditions: 15 min contacting time and 10% saponified Cyanex 272.

Random Order  Standard Order  Coded Variables Real Variables Response (Efficiency, %) Response (Concentration, mg/L)*
X1 X2 X3 O:A pH Cyanex 272 (M) Co Ni Mn Cu Li Co Ni

17 1 -0.59 -059 059 151 44  0.48 40 2 74 85 1 4961 1917
16 2 0.59 -0.59 —-0.59 1:1.5 44 048 76 6 93 96 5 2000 1831
15 3 -0.59  0.59 -0.59 1.5:1 56  0.48 72 2 92 97 1 2289 1911
2 4 0.59 0.59 -0.59 1:1.5 56 048 99 9 100 100 1 39 1778
1 5 -0.59 -0.59 059 1.5:1 44 072 62 3 87 93 4 3120 1878
5 6 0.59 -0.59  0.59 1:1.5 44 072 92 10 98 99 10 674 1748
8 7 -0.59  0.59 0.59 1.5:1 56  0.72 96 4 99 99 2 292 1871
6 8 0.59 0.59 0.59 1:1.5 56 072 100 53 100 100 8 9 912
7 9 0 0 0 1:1 5 0.6 92 2 98 99 2 638 1905
9 10 0 0 0 1:1 5 0.6 93 15 98 99 13 545 1654
13 11 0 0 0 11 5 0.6 93 8 98 99 7 546 1795
10 12 0 0 0 1:1 5 0.6 93 7 98 99 7 557 1801
3 13 -1 0 0 1:2 5 0.6 62 5 88 94 5 3161 1854
18 14 1 0 0 2:1 5 0.6 99 17 99 100 10 74 1617
4 15 0 -1 0 11 4 0.6 43 4 75 87 4 4712 1860
11 16 0 1 0 1:1 6 0.6 100 18 100 100 6 27 1600
12 17 0 0 -1 1:1 5 0.4 72 7 91 95 7 2366 1810
14 18 0 0 1 11 5 0.8 98 9 99 99 7 187 1769

* Concentration measured in the raffinate (aqueous phase).
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Fig. 6. Pareto charts with standardized effects of regression coefficients of regression models for (a) Co extraction efficiency and (b) Ni extraction efficiency.

extraction of Ni under certain conditions. The O:A ratio also had a
positive effect on the extraction of Co and when it is > 1.3, extraction
efficiencies above 60% can be reached regardless of the pH. On the other
hand, lowering the O:A ratio increases the loading of the organic phase
and concentrates the metal of interest, but it can also affect the viscosity
and settling properties of the system as the loading increases. When
comparing these conditions with those reported in the literature
(Table 1), in general the extraction of Co was also in general optimal
when using higher phase ratios (from 1:1) and pH (from 5). However, it
is important to highlight that a comparison of the obtained results with
those reported in the literature (Table 1) is not direct, considering that
the process conditions and matrix vary and, the optimization in the
literature was usually performed using one-variable-at-a-time.

The co-extraction of Ni remained low when using the lowest con-
centration of Cyanex 272 but increased to high levels when combining
high pH, O:A ratio and concentration of Cyanex 272. As previously
mentioned, it is expected that Mn and Cu will be fully extracted along
with Co, but their concentration in the feed solution was low and for this
reason, their behavior was not modelled. The extraction of Li was also
not modelled and remained low in all the experiments (<10% as can be
seen in Table 4). Based on these results, it is possible to conclude that
high extraction efficiency of Co and limited co-extraction of Ni can be
achieved under several experimental conditions, mainly by careful
control of the pH. The separation factor Co/Ni was estimated based on
distribution ratio for Co and Ni, which were determined based on their
predicted concentrations in aqueous and organic phase. The separation

factors can be seen in Table S3 (supplementary material).

3.7. Dynamic optimization of the number of extraction stages

Optimization of the number of extraction stages needed to theoret-
ically reach 98% Co extraction efficiency was performed in a dynamic
way using the concentrations of Co and Ni in the raffinate (Table 4) as
responses to fit the variables of the regression models represented in Eq.
(11) and Eq. (12). The same diagnostic tests that were performed for the
previous models (for efficiencies) were applied to the models for con-
centration and the results are presented in Figure S1, Figure S2 and
Table S1.

Co(mg/L) =579 — 1671x; — 1971x; — 1091x3 + 1016x,x, + 878xx3

an
+952x7 +1704x3 +611x3

Ni(mg/L) = 1790 — 210x; — 165x, — 309x;x, — 308xx3 (12)

Predicted concentrations in the raffinate for several different com-
binations of variables were obtained using these models and the results
can be observed in Table S2. These results were used to estimate the
number of extraction stages needed to reach 98% extraction efficiency of
Co and to estimate the co-extraction of Ni using the methodology
described in section 2.6. Contour plots were constructed varying x;
(organic to aqueous ratio) and xz (pH) while keeping xs constant (con-
centration of Cyanex 272). The contour plots in Fig. 8 represent the
number of extraction stages needed to reach 98% extraction efficiency
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for Co, and the dotted contour plots represent the co-extraction of Ni.
The modeled results are only valid for the range of levels of the tested
variables.

The number of extraction stages needed to reach 98% extraction of
Co decreases with the increase in the concentration of Cyanex 272, but
depending on the conditions, it also promotes an increase in the co-
extraction of Ni. Although an increase in O:A ratio results in fewer
extraction stages, it promotes an increase in the co-extraction of Ni as
well. Thus, in general, working with lower O:A ratios seems to be more
beneficial and has additional advantages regarding the pre-
concentration of the loaded organic. Decreasing the pH to less than 5
will in general require more extraction stages to obtain the same desired
efficiencies, especially if using low phase ratios or concentration of
extractant (if the pH is 4 and the O:A 0.5:1, in general more than 9
extraction stages are required and the co-extraction of Ni is increased if
the concentration of Cyanex 272 is only 0.4 M). 98% extraction of Co can
be theoretically achieved in one extraction stage with co-extraction of
Ni < 5% when using 0.8 M Cyanex 272, pH above 5.1 and phase ratios
inferior to 0.9. These conditions lead to ~39% loading of the extractant,

which is less than the recommended limit of 60% previously discussed. If
the concentration of Cyanex 272 is decreased to 0.6 M, then more
extraction stages are needed (2-3) to keep the same efficiency for Co
with less than 5% co-extraction of Ni. If the concentration of Cyanex 272
is decreased to 0.4 M, then it is generally necessary to increase the O:A
ratio to 1.4:1-2:1 to obtain the same efficiencies with a pH ~ 5, how-
ever, at least 2 to 3 extraction stages are required. For the same condi-
tions, if the O:A ratio is 1:1, several extraction stages (above 9) would be
require to quantitatively extract Co with < 5% Ni. Based on these results,
it is possible to determine that several combinations of factors allow
achieving high extraction efficiency of Co (98%) with low co-extraction
of Ni (<5%). Thus, this novel approach can assist the process design and
optimization to decrease costs and improve resource efficiency.

4. Conclusions

Lithium-ion batteries (LiBs) are a key technology to electrify trans-
portation and decrease our society’s useof fossil fuels. Cobalt plays a
central role in several LiB cathode chemistries, but it has raised concerns
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regarding its supply risks. Therefore, recycling of LiBs has been
considered crucial as a secondary resource to decrease Co import reli-
ance. In this study, the recovery of Co from chloride media by solvent
extraction with Cyanex 272 was optimized using the factorial design of
experiments and response surface methodology. This is a relevant aspect
of this work, considering that most of the available research is based on
the sulfuric media, but many recycling stakeholders are interested in the
hydrochloric media due to the possibility of using waste HCl in the
recycling process. Thus, preliminary tests were performed to narrow the
experimental conditions and the effect of different variables on the
extraction efficiency of Ni and Co was investigated and optimized using
the design of experiments. The extraction reached steady conditions
after 10 to 15 min of contacting time and for this reason, 15 min was
selected as optimal. Increasing the saponification rate promoted an in-
crease in the extraction efficiency of different metal ions and it was set to
20%. The results indicated that Mn and Cu are in general fully co-
extracted with Co at pH above 5, however, their concentration in the
feed solution is low compared to Co. Lithium in general displayed low
extraction efficiencies (<10%) but an increase in O:A ratio promoted an
increase in the co-extraction of both Ni and Li, which is expected given
the higher availability of extractant. The addition of TBP as a modifier in
the preliminary studies led to a decrease in the co-extraction of Ni at
high pH (5.8), but since no third phase was observed, TBP was not used
in the optimization. Factorial design of experiments and response sur-
face methodology were combined with the Kremsers Equation to esti-
mate the number of extraction stages needed to reach 98% Co extraction
efficiency under varied combinations of factors and to estimate the co-
extraction of Ni. The results suggested that it is beneficial to keep the
concentration of Cyanex 272 at high levels (0.6-0.8 M), the pH above 5
and the organic to aqueous ratio below 0.9:1. Under these conditions, 1
to 3 extraction stages are needed to achieve 98% extraction of Co and the
co-extraction of Ni remains low (<5%). Since the number of extraction
stages can affect the cost of the operation, as described by Ritcey [40] (it
increases the capital costs associated with the number of tanks and in-
ventory of solvent/extractant and operating costs associated with
potentially increased losses of solvent), this proposed novel approach
can be of great help in the process design and optimization. It allows
determining several combinations of factors that lead to high extraction
of Co and limited co-extraction of Ni and can help to improve the
resource efficiency of the solvent extraction of Co from spent LiBs.
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