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Abstract: Lithium-ion batteries (LIBs) are widely used everywhere today, and their recycling is
very important. This paper addresses the recovery of metals from NMC111 (LiNi1/3Mn1/3Co1/3O2)
cathodic materials by leaching followed by antisolvent precipitation. Ultrasound-assisted leaching
of the cathodic material was performed in 1.5 mol L−1 citric acid at 50 ◦C and at a solid-to-liquid
ratio of 20 g/L. Nickel(II), manganese(II) and cobalt(II) were precipitated from the leach liquor as
citrates at 25 ◦C by adding an antisolvent (acetone or ethanol). No lithium(I) precipitation occurred
under the experimental conditions, allowing for lithium separation. The precipitation efficiencies
of manganese(II), cobalt(II) and nickel(II) decreased according to the order Mn > Co > Ni. The
precipitation efficiency increased when a greater volume of antisolvent to the leachate was used. A
smaller volume of acetone than ethanol was needed to reach the same precipitation efficiency in
accordance with the difference in the dielectric constants of ethanol and acetone and their associated
solubility constants. After adding two volumes of acetone into one volume of the leach liquor, 99.7%
manganese, 97.0% cobalt and 86.9% nickel were recovered after 120 h, leaving lithium in the liquid
phase. The metal citrates were converted into metal oxides by calcination at 900 ◦C.

Keywords: lithium-ion batteries; NMC111; cathode; recycling; hydrometallurgy; antisolvent;
precipitation; leaching; citric acid

1. Introduction

The lithium-ion battery (LIB) is a widely used energy storage technology for electric
vehicles. The energy storage capacity has multiplied more than 8.5 times in 10 years only.
In 2009, there were nearly 25.6 GWh (134,000 tons) of LIB energy storage capacity placed on
the global market. In 2019, this was about 218 GWh (over 1.2 million tons), and it is expected
that more than 2500 GWh (over 12.7 million tons) will be on the market in 2030, which will
subsequently result in a vast amount of waste from both LIB production and spent LIBs [1].
In the production of LIBs, different waste streams enriched with electrode materials are
generated. It is necessary to develop new processes to recycle the valuable elements from
battery waste [2,3]. A common LIB cathode material in use today is LiNi1/3Mn1/3Co1/3O2,
also called NMC111 [4]. In the future, it is foreseen that NMC111 will be replaced by Ni-rich
cathode materials like NMC811. It is important to develop adequate processes to recover
Li, Ni, Mn and Co from these types of waste electrodes.

In the last decade, many hydrometallurgical and pyrometallurgical processes have
been developed to recover valuable metals from spent LIBs. These processes rely on
different types of chemistry and the implementation of several operations to recover
and separate the metals including shredding, crushing/grinding, physical concentration,
calcination, leaching, liquid–liquid and solid–liquid extraction, as well as precipitation [5].
Pyrometallurgical recycling processes have high investment costs and are best suited for
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batteries with high contents of nickel and cobalt [6]. Current pyrometallurgical approaches
need further refinement, e.g., by combining with hydrometallurgical processing to recover
all metals; especially, the recovery of lithium must be enhanced [6]. Hydrometallurgical
battery recycling processes offer the opportunity to achieve high recovery rates, necessary
to comply with future legislation, and the possibility to produce new battery precursors [6].

Precipitation is used in hydrometallurgy for the separation, purification or production
of salts and also for removing impurities [7]. In the field of precipitation and crystallization,
evaporative crystallization is a mature technique for producing salts. However, evapora-
tive crystallization is an energy-intensive process. Since large amounts of heat must be
exchanged, the capital investment is also very high because of the oversized heat transfer
surface area. Substantial savings can be made, provided that the salt-water separation can
be done without vaporizing water [8]. In addition to high costs, evaporative crystallization
does not allow controlling supersaturation in an appropriate way. Consequently, the fine
crystal particles may agglomerate with impurities and the solid purity may drastically
decrease [7]. Antisolvent precipitation or organic displacement crystallization is an energy-
saving alternative that offers interesting possibilities to better control the crystallization
process [9]; this technique is based on changing the solubility of the solute and creating a
supersaturated solution by adding a water-miscible organic solvent to force the solute to
precipitate [10]. This technique is widely used in the pharmaceutical industry [11–15].

A hydrometallurgical process usually involves a first step of dissolution to recover all
the metals in an aqueous phase before several steps to separate and to purify each one of
them [16]. Sulfuric acid and hydrochloric acid are mostly used for cathode digestion [17–19].
Antisolvent precipitation of rare-earth elements, nickel and cobalt from sulfuric acid
leachate of NiMH electrodes, has been reported [10,20]. In a chloride system, it is difficult
to precipitate metals due to formation of chloro-complexes with high solubility [7]. Organic
acids may be environmentally sustainable alternatives for the cathode dissolution [21].
Citric acid has been reported to be a green and efficient reagent to dissolve metals from
spent lithium nickel manganese cobalt oxides (NMC) electrodes and blackmass [22,23]. The
use of citric acid does not produce toxic emissions and it is a cost-efficient solvent [24,25].
Citric acid is a weak acid but has a strong chelating ability, which provides it with good
leaching capability. However, the chelating property can also introduce challenges in
efficient separation and recovery of elements [24]. Solvent extraction can be applied after
leaching of LIB electrode material by citric acid to separate and recover the main elements
(Ni, Mn, Co, Al and Li) [24]. The extractant D2EHPA diluted in kerosene can extract Mn,
Al at a pH of 2.5 and Li at a pH of 5.5. Citric acid can then be used to efficiently strip
Mn and Li from the respective loaded organic phases. There is still a need for further
research to develop efficient closed-loop citric-acid-based recycling processes, especially
the downstream purification and separation steps [24,25].

In this study, antisolvent precipitation was assayed to precipitate nickel(II), cobalt(II)
and manganese(II) from citric acid. To the best of our knowledge, antisolvent precipita-
tion has not been applied after organic acid leaching of NMC materials. The resulting
precipitates were afterwards calcined to produce new metal oxides.

2. Materials and Methods
2.1. Materials

The lithium nickel-manganese-cobalt oxide (NMC111, purity > 98%) was purchased from
Sigma-Aldrich (Burlington, MA, USA). Manganese carbonate (MnCO3, purity = 99.9%), nickel
hydroxide (Ni(OH)2, Ni 61%) and lithium hydroxide anhydrous (LiOH, purity = 98%) were
purchased from Alfa Aesar (Ward Hill, MA, USA). Cobalt carbonate hydrate (CoCO3·xH2O,
Co 45.5%) was purchased from Acros Organics (Geel, Antwerp, Belgium). Nitric acid
(HNO3, 69%) was purchased from VWR (Radnor, PA, USA). Citric acid (C6H8O7,
purity ≥ 99.5%), acetone (CH3COCH3, purity > 99.5%) and anhydrous ethanol (CH3CH2OH,
purity ≥ 99.5%) were purchased from Sigma-Aldrich. Monoelement standard solutions
containing 1000 mg L−1 Li, Ni, Co, or Mn in 2–5 w% HNO3 or HCl (Alfa Aesar) were
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used for inductively coupled plasma-optical emission spectrometry (ICP-OES) calibration.
All chemical reagents were used as received without further purification. MiliQ water
(>18.2 MΩ·cm) was used in all the experiments.

The agitation was performed by a 2mag MIXdrive 60 (2magAG, Munich, Germanry) with
a MIXcontrol 40 controller unit operated at 400 rpm immersed in a thermostatic water bath
(Lauda LCB 4743 Model E 20 G). A KDS 100 Legacy syringe pump (KD Scientific Inc., Holliston,
MA, USA) was used to control the injection rate of antisolvent into the aqueous phase.

The liquid samples were taken using a syringe and filtering off the solid through a
Whatman 6900-2502 GD/X 25 Sterile Syringe Filter (Whatman plc, Buckinghamshire, UK)
(pore size = 0.2 µm).

2.2. Leaching of NMC111

Carboxylic acids, and more especially citric acid, have been reported in the literature as
environmentally friendly reagents, which may be relevant for leaching cathodic materials
from spent LIBs despite their weak acidity. In particular, the complexing properties of
citrate regarding transition metals is an asset for leaching operations [26]. The leaching
of NMC111 by a monoprotonic acid (quoted HOA) occurs according to the following
reaction [27]:

6LiNi1/3Mn1/3Co1/3O2(s) + 18HOA(aq) + 3H2O2(l) = 2Ni(OA)2(aq) + 2Mn(OA)2(aq) + 2Co(OA)2(aq) + 6LiOA(aq) + 3O2(g) + 12H2O(l) (1)

There is no information in the literature about the leaching reaction of NMC111 by
citric acid, but it can be expected that the mechanisms may be close to the reaction reported
in Equation (1). Considering the overall leaching reaction, poor leaching efficiencies of
LiCoO2 are obtained without the addition of a suitable reductant to reduce cobalt(III) and
manganese(VI) to cobalt(II) and manganese(II), respectively [28]. However, the leaching
kinetics can be improved in the absence of hydrogen peroxide by using ultrasound waves
to take advantage of cavitation formation. When the pressure in the cavitation increases, a
large amount of energy is released. This energy is responsible for micro-crack formation on
the cathodic material surface that accelerates the leaching agent diffusion into the cathodic
material [29]. Thus, ultrasonic agitation was experimentally proved to be more efficient
than mechanical stirring [30]. Therefore, ultrasonic agitation was implemented during
leaching in the present work. The optimized leaching conditions were taken from the work
of Xiao et al. [23].

The leaching experiments were performed in 500 mL three-necked round-bottom
flasks equipped with condenser units to recirculate any evaporated liquid. Typically, the
round-bottom flask was placed in the same position in an ultrasonic bath (BRANSON
2800 CPX2800H-E, Emerson, St. Louis, MO, USA, with a max sonics power of 110 W at a
frequency of 40 kHz). The ultrasound bath temperature was maintained at 50 ◦C (±2 ◦C).
After 24 h of ultrasonic-assisted leaching, the leachate was collected by centrifugation
at 4000 rpm to remove any solid phase. Leaching experiments were carried out using
1.5 mol L−1 citric acid at a solid-to-liquid ratio S/L = 40 g L−1 (Exp. 1, Table 1) and 20 g L−1

(Exp. 2, Table 1).

Table 1. Leach liquor composition after NMC dissolution assisted by ultrasound in 1.5 mol L−1 citric
acid at 50 ◦C.

Exp. S/L (g/L) pH
Leachate Composition Molality

(mmol Kg−1) Leaching Efficiency (%)

Li Ni Mn Co Li Ni Mn Co

1 * 40 2.91 404 99 24 62 87 63 15 39
2 20 2.53 189 57 73 63 82 74 95 81

* Precipitation occurred during leaching.
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The composition of the leach liquors from experiments 1 and 2 are presented in Table 1.
In Exp. 1 (S/L = 40 g L−1, Table 1), precipitation occurred during leaching. After filtration
and drying, X-Ray powder Diffraction (XRD) showed the presence of Mn(HC6H5O7)·H2O
in the solid (Supplementary Materials, Figure S1) [31]. No precipitation was visually
observed in Exp. 2 (S/L = 20 g L−1, Table 1). The liquor from Exp. 2 was used for
antisolvent precipitation experiments. The pH of this solution was 2.0.

2.3. Antisolvent Precipitation from Single Metal Systems

Separate solutions of lithium(I), nickel(II), manganese(II) and cobalt(II) were prepared
by dissolving the corresponding salts in 1.5 mol L−1 citric acid according to the experimental
conditions reported in Table 2. The final concentrations of the elements were chosen to be
in the same range as after NMC leaching using 1.5 mol L−1 citric acid and a solid-to-liquid
ratio of 20 (see Table 1).

Table 2. Salt dissolution in 1.5 mol L−1 citric acid.

Metal Ion Salt Temperature
(◦C)

Agitation Time
(h)

Final Metal
Concentration

(mg L−1)

Lithium(I) LiOH 25 8 1455
Nickel(II) Ni(OH)2 60 10 3648

Manganese(II) MnCO3 25 1 3786
Cobalt(II) CoCO3 60 10 3873

The precipitation experiments were carried out in high-density polyethylene (HDPE)
bottles equipped with polytetrafluoroethylene (PTFE)-coated stirrer bars and agitated
using submersible magnetic stirrers inside a water bath set at a temperature of 25 °C,
equipped with a temperature sensor (accuracy = ±0.01 °C). The stirring rate was kept
constant in all the experiments at 400 rpm to keep all material suspended. The HDPE
bottles were sealed to prevent solvent evaporation. The initial volume of the aqueous
phase was 10 mL. Acetone or ethanol were added all at once (one-pot addition) using a
burette or at a rate of 0.5 mL min−1 using a syringe pump (KD Scientific 200P infusion,
KD Scientific Inc., Holliston, MA, USA) to reach the targeted initial antisolvent-to-aqueous
volumetric ratios (O/A). After adding the antisolvent, the solutions were left under stirring.
The experimental conditions implemented for the antisolvent precipitation are summarized
in Table 3.

During stirring, samples of clear solution were collected regularly using a syringe
equipped with a Whatman 6900-2502 GD/X 25 Sterile Syringe Filter (Whatman plc, Buck-
inghamshire, UK) (pore size = 0.2 µm). The liquid samples were immediately diluted
100 times with 5 v/v% HNO3 solution and stored in HDPE bottles before ICP-OES analyses.
The volume and weight of each sample and antisolvent added in the sample were recorded.

The solids were filtered off using a vacuum pump system that contained a Büchner
funnel and Muntktell qualitative filter paper Grade 3 (Ahlstrom-Munksjö, Helsinki, Fin-
land). The solid samples were washed with the same citric acid-antisolvent mixture that
was used for the antisolvent precipitation. Afterwards, the solids were dried at room
temperature in a fume hood for 24 h before performing powder X-ray diffraction analyses.

2.4. Antisolvent Precipitation from NMC111 Leach Liquor

The same general procedure as for the single metal systems was used to investigate the
antisolvent precipitation from the NMC111 leach liquor. The liquor was prepared according
to Exp. 2 reported in Table 1. The total volume of initial leach liquor in each experiment
was 10 mL. The stirring rate was kept constant in all the experiments at 400 rpm and the
temperature was 25 ◦C. The experimental conditions are given in Table 4.
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Table 3. Experimental conditions for the antisolvent precipitation experiments from single metal
systems (Table 2). The temperature was kept constant at 25 ◦C.

Exp. Metal Ion
Initial Total Metal

Concentration
(mmol Kg−1)

Antisolvent
Antisolvent

Addition Rate
(mL min−1)

Final Antisolvent-to-
Aqueous (O/A)

Volumetric Ratio

Time of
Experiment (h)

L1 Li 189.5 Acetone One-pot 0.25 336
L2 Li 189.5 Acetone One-pot 0.5 336
L3 Li 189.5 Acetone One-pot 1 336
L4 Li 189.5 Ethanol One-pot 0.25 336
L5 Li 189.5 Ethanol One-pot 0.5 336
L6 Li 189.5 Ethanol One-pot 1 336
L7 Li 189.5 Ethanol One-pot 2 336
N1 Ni 56.3 Acetone One-pot 0.25 380
N2 Ni 56.3 Acetone One-pot 0.5 380
N3 Ni 56.3 Acetone One-pot 1 380
N4 Ni 56.3 Ethanol One-pot 0.25 380
N5 Ni 56.3 Ethanol One-pot 0.5 380
N6 Ni 56.3 Ethanol One-pot 1 380
N7 Ni 56.3 Ethanol One-pot 2 380
N8 Ni 182.9 Acetone 0.5 2 250
M1 Mn 62.5 Acetone One-pot 0.25 380
M2 Mn 62.5 Acetone One-pot 0.5 380
M3 Mn 62.5 Acetone One-pot 1 380
M4 Mn 62.5 Ethanol One-pot 0.25 380
M5 Mn 62.5 Ethanol One-pot 0.5 380
M6 Mn 62.5 Ethanol One-pot 1 380
M7 Mn 62.5 Ethanol One-pot 2 380
C1 Co 59.6 Acetone One-pot 0.25 380
C2 Co 59.6 Acetone One-pot 0.5 380
C3 Co 59.6 Acetone One-pot 1 380
C4 Co 59.6 Ethanol One-pot 0.25 380
C5 Co 59.6 Ethanol One-pot 0.5 380
C6 Co 59.6 Ethanol One-pot 1 380
C7 Co 59.6 Ethanol One-pot 2 380
C8 Co 59.6 Acetone 0.5 2 321

Table 4. Experimental conditions for the antisolvent precipitation from NMC leach liquor from
experiment 2 (Table 1). The temperature was kept constant at 25 ◦C.

Exp. Antisolvent Antisolvent Addition
Rate (mL/min)

Final Antisolvent-to-Aqueous
Volumetric Ratio (O/A)

Experiment Duration
(h)

LNMC1 Acetone One-pot 0.25 758
LNMC2 Acetone One-pot 0.5 506
LNMC3 Acetone One-pot 1 505
LNMC4 Acetone One-pot 2 516
LNMC5 Ethanol One-pot 0.25 758
LNMC6 Ethanol One-pot 0.5 506
LNMC7 Ethanol One-pot 1 505
LNMC8 Ethanol One-pot 2 516
LNMC9 Acetone 0.5 1 24

LNMC10 Acetone 0.5 2 24

2.5. Analysis

Prior to ICP-OES analyses with the Thermo Scientific iCAP 7000 Series (Thermofisher
Scientific, Waltham, MA, USA), the samples were diluted in 5% (vol.) nitric acid. Lithium,
nickel, manganese and cobalt concentrations in aqueous solutions were determined by ICP-
OES at 460.286 nm and 610.362 nm for lithium; 221.647 nm, 300.249 nm and 352.454 nm for
nickel; 257.610 nm, 259.373 nm and 403.076 nm for manganese; and 228.616 nm, 231.160 nm
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and 237.862 nm for cobalt. The precision was good with a relative standard deviation
of <1%. Monoelemental standards containing 1000 mg L−1 cobalt, nickel, manganese and
lithium in 2–5% (vol.) HNO3 were used for calibration.

Metal concentrations determined by ICP-OES after precipitation experiments were
used to calculate the precipitation efficiencies defined as follows by assuming that the
volume change in the liquid phase during precipitation was negligible:

%PE(M) =
[M]imi − [M]fmf

[M]imi
× 100% (2)

where [M]i is the concentration of the metal (M) in the initial solution in mol kg−1; mi is the
solvent (citric acid) weight in the initial solution in kg; [M]f is the final concentration of the
metal (M) in the organic-aqueous mixture expressed in molality (mol kg−1) after filtering off
the precipitate; and mf is the solvent weight in the final solution (citric acid and antisolvent).

The precipitates were characterized by X-ray diffraction (XRD) and thermogravimet-
ric analysis (TGA). The TGA analyses were performed by using a Netzsch STA 449 F3
Jupiter (Netzsch Gruppe, Selb, Germany) between 25 ◦C and 1000 ◦C at a ramp speed of
15 ◦C min−1 under an air atmosphere. X-ray diffraction of the precipitates before and after
calcination was performed with a PANalytical X’Pert Pro (Malvern Instruments, Malvern,
UK). The X-ray diffraction patterns were recorded over a 2θ range from 5◦ to 90◦ with steps
of 0.02◦ at 45 kV and 40 mA using Cu Kα radiation (λ = 0.15418 nm). Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR; Perkin Elmer Spectrum
Two, PerkinElmer, Waltham (HQ), MA, USA) was used to measure the IR spectra of the
precipitate obtained after adding acetone at O/A = 2 (LNMC4). The same precipitate was
also dissolved, and the metal composition was determined by ICP-OES analysis.

Calcination experiments were performed in a Mettler-Toledo furnace (TGA/SDTA851,
Mettler Toledo, Greifensee, Switzerland) from 30 ◦C to 900 ◦C at 10◦C min−1 under
50 mL min−1 oxygen flow. The samples were maintained at 900 ◦C for 1 h inside the
furnace before natural cooling down to room temperature.

3. Results and Discussion
3.1. Antisolvent Precipitation from Synthetic Solutions (Single Metal Systems)

Precipitation of lithium(I), manganese(II), cobalt(II) and nickel(II) from citric acid
was investigated at 25 ◦C by adding ethanol or acetone as antisolvent. A good selectivity
towards manganese(II), cobalt(II) and nickel(II) was observed as no lithium(I) precipitation
occurred after adding acetone or ethanol even after 14 days.

The addition of acetone or ethanol into citric acid containing initially 63 mmol kg−1

manganese(II) was responsible for manganese(II) precipitation except with ethanol at
O/A = 0.25 (Figure 1a). In the presence of ethanol, it is indeed mandatory to increase
the O/A values to observe manganese(II) precipitation. At O/A = 0.5, manganese(II)
precipitation occurred but the precipitation rate was lower than in the presence of acetone.
The kinetics of precipitation were almost the same in the presence of ethanol or acetone at
O/A = 1. It can be inferred that high values of O/A promote the nucleation processes. At
O/A = 2, 93% of manganese(II) precipitated when ethanol was used as antisolvent. The use
of acetone seems to be more suitable for antisolvent precipitation since a smaller amount of
acetone is necessary to precipitate manganese(II) efficiently.

Nickel(II) and cobalt(II) precipitation from citric acid were investigated under the
same conditions as for manganese(II). Precipitation experiments were performed only at
O/A = 1 with acetone and O/A = 2 with ethanol according to the preceding results showing
that high values of O/A led to efficient and fast precipitation of manganese(II). Nickel(II)
and cobalt(II) behaviors were quite different as no nickel(II) precipitation occurred even
after 14 days in the presence of acetone (Exp. N7 in Table 3), whereas cobalt(II) started
precipitating after 10 days under the same experimental conditions (Figure 1b). Such an
observation is particularly surprising as nickel(II) and cobalt(II) are normally difficult to
separate and usually precipitate together between pH 8.2 and 8.8 in the presence of a



Metals 2022, 12, 607 7 of 14

neutralizing agent such as MgO pulp [32]. Figure 1c shows that 24% nickel(II) precipitation
was eventually observed after 10 days in the presence of acetone provided that initial
nickel(II) concentration was higher (190 mmol kg−1 instead of 62.6 mmol kg−1) and acetone
was added to a phase volume ratio O/A = 2 (Exp. N8 in Table 3).

Figure 1. Precipitation efficiency at 25 ◦C of (a) manganese(II) (Exp. M1–M7 in Table 2), (b) cobalt(II)
(Exp. C3 and C7 in Table 2) and (c) nickel(II) (Exp. N8 in Table 3) from single metal solutions.

Regarding the cobalt(II) precipitation, significant precipitation was only observed after
10 days and 16 days after the addition of acetone at O/A = 1 and ethanol at O/A = 2,
respectively. The comparison of Figures 1a and 1b shows that the system needs a longer
time to nucleate (the induction time is longer) for cobalt(II) than for manganese(II). Due
to the unknown speciation in the mixed-solvent systems, it is not possible to compare the
results at the same supersaturation driving force.

As a conclusion, the addition of a solvent for which the dielectric constant is lower
than water (er(water) = 79.99, er(ethanol) = 25.02 and er(acetone) = 21.30 at 25 ◦C according
to [33]) into the citric acid aqueous solutions promotes the nickel(II) and manganese(II)
precipitation, whereas nickel(II) remains difficult to precipitate. Coulomb’s law shows
that the force of interaction between the charges is inversely proportional to the dielectric
constant. Therefore, it can be assumed that the solubility of salts relates to the dielectric
constant of the medium. Thus, the addition of ethanol or acetone (er(ethanol) = 25.02 and
er(acetone) = 21.30) into an aqueous solution (er = 80) creates supersaturation allowing
strong variation of the crystallization process conditions [34].

All precipitates before and after calcination were characterized by XRD. The XRD
pattern of the Mn(II) precipitate obtained in Exp. M7 (Table 3) shows the presence of
Mn(HC6H5O7)·H2O [35] and other phases, which were not identified (Supplementary
Materials, Figure S2). Likewise, the Co(II) precipitate obtained in Exp. C7 could not
be identified (Supplementary Materials, Figure S3). Citric acid is commonly used in gel
combustion synthesis of metal oxides and the tendency for formation of amorphous metal
citrate precursors or gels in these systems is well-known [35–37]. Nevertheless, the crystal
quality can potentially be improved by controlling the antisolvent addition rate in order to
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maintain a lower degree of supersaturation during nucleation and crystal growth [38]. In
experiment N8 (Ni) the antisolvent was added to the leach solution at a rate of 0.5 mL/min.
However, analysis of the XRD pattern of the nickel(II) salt obtained in Exp. N8 did not
permit identification of the solid phase(s) (Figure S4 in the Supplementary Materials). After
calcination of manganese(II), cobalt(II) and nickel(II) precipitates, the XRD patterns showed
the presence of Mn2O3 (JCPDS card no. 24-0508), Co3O4 (JCPDS card no. 42-1467) and NiO
(JCPDS card no. 47-1049), respectively (Figure 2).

Figure 2. XRD patterns after calcination of the solid obtained by anti-solvent precipitation of
(a) manganese(II) (Exp. M7), (b) cobalt(II) (Exp. C7) and (c) nickel(II) (Exp. N7).

3.2. Antisolvent Precipitation from NMC111 Leach Solution (Mixed Metal Systems)

After the addition of ethanol or acetone into the leach solution at 25 ◦C and at
O/A = 0.25, 0.5, 1 and 2, manganese(II), cobalt(II) and nickel(II) precipitated while lithium
remained in the solution. The precipitation efficiencies of Ni, Mn and Co are presented
in Figures 3 and 4. The precipitate obtained after adding acetone at O/A = 2 (LNMC4)
contained 4.2% Ni, 7.5% Mn, 6.8% Co and 0.09% Li by mass. The time until nucleation
occurred decreased as the O/A ratio increased, e.g., no precipitation was observed until
after 100 h after adding ethanol at O/A = 0.25 while precipitation was observed immedi-
ately after addition of the antisolvent at O/A = 2. It can also be seen that the concentration
of manganese(II), cobalt(II) and nickel(II) in solution decreased more rapidly at the high-
est O/A ratios and the final precipitation efficiencies were higher. This is in accordance
with the higher supersaturation driving force for nucleation and crystal growth as more
antisolvent was added. The precipitation efficiency decreased in the order Mn > Co > Ni
in accordance with the results from the single systems. However, the induction time for
cobalt(II) and nickel(II) was much shorter in the mixed systems. This is likely due to the
presence of manganese(II), which when precipitating leads to secondary nucleation of the
respective nickel and cobalt phases, i.e., the presence of manganese nuclei facilitates cobalt
and nickel precipitation.

At the same O/A ratio, the precipitation efficiencies of manganese(II), cobalt(II) and
nickel(II) are lower in the presence of ethanol than in the presence of acetone; see Figures 3 and 4.
Such an observation is in accordance with the dielectric constants of acetone and ethanol as
discussed for the single systems.

The highest precipitation efficiency for all the metals was obtained at O/A = 2 for
acetone; see Figure 4. Under these conditions, 99.7% (wt) manganese, 97.0% (wt) cobalt
and 86.9% (wt) nickel were recovered as a mixed solid phase.
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Figure 3. Precipitation efficiency after adding ethanol into the leachate at antisolvent-to-aqueous
volumetric ratios (a) O/A = 0.25, (b) O/A = 0.5, (c) O/A = 1 and (d) O/A = 2.

Figure 4. Precipitation efficiency after adding acetone into the leachate at antisolvent-to-aqueous
volumetric ratios (a) O/A = 0.25, (b) O/A = 0.5, (c) O/A = 1 and (d) O/A = 2.
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The precipitations of each element using different antisolvent and O/A are shown in
Figure 5. For each element, higher O/A increased the precipitation efficiency. Acetone had
a stronger effect to precipitate the metals than ethanol.

Figure 5. Precipitation efficiency 500 h after adding acetone (solid lines) and ethanol (dashed lines)
into leachates at different antisolvent-to-aqueous volumetric ratios (O/A).

The mixed solid phase (Exp. LNMC4) was analyzed by powder-XRD, but the pattern
could not be identified; see Figure S5 of the Supplementary Materials. The Fourier transform
infrared spectroscopy (FT-IR) spectrum of the precipitate is presented in Figure 6. The
spectral peaks close to 3600 cm−1 and the neighboring broad bands in the lower region
can be attributed to stretching vibrations of water molecules [37], indicating the presence
of water. The strong and sharp peaks observed in the regions of 1625–1575 cm−1 and
1485–1375 cm−1 can be attributed to the characteristic asymmetric and symmetric stretching
of carboxylate groups [39], indicating that the solid precipitate is a carboxylate salt.

Figure 6. FT-IR spectra of the mixed precipitate (Exp. LNMC4).

Even if the precipitate could not be fully identified, the results indicate that it could
be composed of a mixture of metal citrate hydrates or solvates of manganese, cobalt and
nickel. The thermogravimetric analysis of the mixed solid phase is reported in Figure 7.
Two transition temperatures can be seen: one transition from about 220 ◦C to 300 ◦C, which
can be attributed to the loss of water; the second transition from about 350 ◦C to 380 ◦C may
result from the transformation of citrate salt into oxides [35]. The loss of ignition at 1000 ◦C
was 72.5%. The composition of the precipitate obtained after antisolvent crystallization
comprised 18.5 mass% of Ni, Mn and Co, which corresponds to 25.8% by mass of metal
oxides assuming the presence of only Mn2O3, Co3O4 and NiO. These results are in fairly
good agreement.
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Figure 7. Thermogravimetric analysis (TGA) of the mixed precipitate (Exp. LNMC4).

After calcination at 900 ◦C the precipitate was transformed into metal oxides; see
Figure 8. The XRD-pattern matches with NiMn2O4 or Co2MnO4. However, other oxides
with similar crystallographic structure could also potentially be considered [40].

Figure 8. XRD pattern of the mixed precipitate (Exp. LNMC4) after calcination and the reference
patterns of Co2MnO4 and NiMn2O4.

To conclude, antisolvent crystallization is an efficient method to precipitate manganese,
cobalt and nickel from citric acid solution. In a future process, the antisolvent can be
distilled from the remaining citric acid and both liquids can be recirculated to the process.
Furthermore, the precipitate can be calcined to obtain a mixed metal oxide product. This
is of particular interest since it also opens the possibility for using the precipitate as a
precursor for direct synthesis of new NMC cathode material.

The same approach can probably be applicable to separate metals as metal carboxylate
salts from a wide variety of carboxylic acid solutions of relevance for many processes where
these green solvents are used for leaching or stripping of metal ions.
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4. Conclusions

Manganese(II), cobalt(II) and nickel(II) can be precipitated from citric acid solution by
adding acetone or ethanol as the antisolvent. The precipitation efficiency increases as the
amount of antisolvent added increases. A lower amount of acetone than ethanol is needed
to reach the same precipitation efficiency under comparable conditions. The precipitation
efficiency follows the order Mn > Co > Ni. After adding two volumes of acetone into
one volume of the leach liquor, 99% Mn, 98% Co and 87% Ni by weight were recovered
after 120 h, leaving lithium in the liquid phase. This process paves the way to separate
manganese, cobalt and nickel from lithium. The precipitate can be calcined to a mixed
metal oxide product.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/met12040607/s1, Figure S1: XRD pattern of the leach
residue and the reference pattern of manganese citrate monohydrate, Mn(HC6H5O7)H2O [31];
Figure S2: XRD pattern of the precipitate from the manganese citric acid ethanol system (M7);
Figure S3: XRD pattern of the precipitate from the cobalt citric acid ethanol system (C7); Figure S4: XRD
pattern of the precipitate from the nickel citric acid acetone system (N8); Figure S5: XRD pattern of
the mixed solid phase from the NMC leach liquor acetone system (LNMC4).
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