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Abstract

The increasing demand for lithium-ion batteries (LIBs) has intensified the need for efficient
lithium (Li) recovery from secondary sources. This study focuses on anti-solvent crystal-
lization for the recovery of high-purity lithium hydroxide monohydrate (LiOH-H,O) from
a Li-rich leachate, derived from the flue dust of a pilot-scale pyrometallurgical process
for LIB material recycling. To optimize product yield and purity, a series of experiments
were performed, focusing on the influence of parameters such as solvent type, organic-
to-aqueous (O/A) volumetric ratio, crystallization time, stirring rate, and anti-solvent
addition rate. Acetone was identified as the most effective anti-solvent, producing rectan-
gular cuboid crystals with approximately 90% Li recovery and around 95% purity, under
optimized conditions (O/A =4, 3 h, 150 rpm, and solvent flow rate of 5 mL/min). The flow
rate influenced crystal morphology and impurity entrapment, with 5 mL/min favoring
nucleation-dominated crystallization regime, producing ~20 um of well-dispersed crystals
with reduced impurity incorporation. SEM-EDS, surface washing, and gradual dissolution
of obtained LiOH-H,O crystals revealed that the impurities sodium (Na), potassium (K),
aluminum (Al), calcium (Ca) and chromium (Cr) were crystallized as conglomerates. It
was found that Na, K, Al, and Ca primarily crystallized as highly soluble conglomerates,
while Cr was crystallized as a lowly soluble conglomerate impurity. In contrast Zn was
distributed throughout the crystal bulk, suggesting either the entrapment of soluble zincate
species within the growing crystals or the formation of mixed Li-Zn phase. Therefore, to
achieve battery-grade purity, further purification measures are necessary.

Keywords:
incorporation; lithium recovery; battery recycling

anti-solvent crystallization; lithium-hydroxide-monohydrate; impurity

1. Introduction

The increasing global demand for lithium-ion batteries (LIBs), particularly for bat-
tery electric vehicles (BEVs), has led to a significant rise in lithium (Li) consumption [1,2].
Lithium carbonate (Li;CO3) and lithium hydroxide monohydrate (LiOH-H,O) are the
primary Li compounds used as precursors in the production of NMC (nickel (Ni), man-
ganese (Mn), cobalt (Co)) batteries that predominate the market [3]. However, LiOH-H,O
has gained preference over Li;COj3, due to its ability to facilitate more efficient cathode
synthesis at lower temperatures (650-700 °C compared to 850-900 °C for Li,COs3) [34].
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Lower-temperature synthesis enhances battery performance, extends life span, and im-
proves safety. As a result, the demand for LIOH-H,O is expected to surpass that of Li;CO3
in future [5].

To fulfill the rising demand of LiOH-H;O for battery manufacturing, spent LIBs have
emerged as a key secondary source. Various combined pyro- and hydrometallurgical recy-
cling flowsheets have been explored to extract Li as LIOH-H,O using thermal treatment
followed by water leaching. Among these, reduction roasting using hydrogen has shown
significant promise for converting Li in the cathode into lithium oxide (Li;O(;), which
when leached with water, forms a LiOH slurry with a recovery efficiency exceeding 95%.
To recover LiOH-HO from the slurry, evaporative crystallization is typically employed.
This process enables relatively fast crystal growth; however, achieving battery-grade purity
requires multiple washing, filtration, and recrystallization steps [6,7]. These additional pu-
rification stages may increase energy consumption and process complexity and depending
on the operating conditions, may reduce the economic viability of the process [8].

An alternative approach is anti-solvent crystallization, which promotes crystal for-
mation by the addition of water-miscible organic solvents such as ethanol or acetone to
a supersaturated solution [9,10]. The addition of anti-solvent creates a competition between
organic molecules and inorganic ions of the water molecules. Organic molecules with
polar functional groups preferentially form strong hydrogen bonds with water molecules,
thereby shielding the solubilizing interactions between water and inorganic ions, effec-
tively reducing water activity and promoting crystallization [11]. Anti-solvent crystalliza-
tion can achieve high crystallization yields typically at room temperature [12]. However,
a separate solvent recovery step, such as distillation, is required post-crystallization, which
can contribute significantly to the overall energy consumption of the process [13].

Anti-solvent crystallization is widely applied in the pharmaceutical industry to control
the size, shape and crystalline form of drug compounds [14,15]. In recent years, this
technique has been increasingly explored for the selective crystallization of salts, such
as the recovery of high-purity potash from the hydrochloric acid leaching solution of K-
Feldspar [11]; scandium fluoride from ammonium fluoride strip liquors [16-18]; Ni, Mn,
and Co citrates from the citric acid leaching solution of NMC batteries [19]; Ni and Co
sulfate from sulfuric acid leaching [20]; and the recovery of metal tartrates from NMC
leachates of deep eutectic solvent (DES) [21]. The method has also been studied for
LiOH-H;O crystallization using ethanol as an anti-solvent. The aqueous solution prepared
with 11% by weight LIOH-H,O was subjected to anti-solvent crystallization using 70 and
90% ethanol under controlled conditions. Three different alcohol addition rates of 7, 30 and
60 cm3/min were tested, but variation of these parameters showed negligible effects on the
recovery and crystal size of LIOH-H,O [22]. Although the study shows the feasibility of
recovering LiOH-H,O via anti-solvent crystallization, it did not explore how impurities,
particularly those from spent LIBs, affect crystal morphology and purity, highlighting an
important gap in research.

The presence of impurity ions during crystallization can interact with different sur-
faces of the crystal, influencing the purity and morphology of growing crystals [23,24].
Understanding the mechanisms by which impurities incorporate into crystals is critical
for producing high-purity LIOH-H,O. Impurities can enter the crystallized solids through
several mechanisms: (i) entrapment of mother liquor as agglomerates and inclusions,
(ii) lattice incorporation to form co-crystals, (iii) deposition or absorption to the crystal sur-
face, (iv) solid solution formation or (v) conglomerate formation [25]. Co-crystal formation
is a thermodynamically driven process; if a co-former impurity is present under suitable
conditions, the discrete phase will form independently of the process conditions. Solid
solution formation is also thermodynamically driven but is more sensitive to crystallization
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conditions. Therefore, impurities that can form co-crystals or enter solid solutions require
removal prior to crystallization [26].

While research on impurity incorporation in metal crystallization is limited, some stud-
ies have examined the impact of impurities such as sodium (Na), potassium (K), chlorine
(Cl) and magnesium (Mg) for Li;COj3 crystallization from brines [27,28]. However, research
to date has not explored the impact of inorganic impurities on LIOH-H,O crystallization,
making it an important area of further research.

On the contrary, impurity incorporation mechanisms have been extensively studied in
the pharmaceutical industry, where a structured approach has been developed to identify
mechanisms responsible for poor impurity rejection during crystallization. The workflow
developed by Urwin et al. includes (i) microscopic imaging of the isolated crystals, ruling
out or confirming agglomeration as a method of impurity inclusion, (ii) surface wash-
ing experiments to differentiate kinetically adsorbed or thermodynamically incorporated
impurities, (iii) stepwise crystal dissolution, providing insights into limits of purification
efficiency, and (iv) binary phase diagrams to analyze the behavior of crystals and impurities,
revealing solid state interactions and phase behaviors [26]. However, this workflow does
not account for conglomerate systems, which during stepwise crystal dissolution could
exhibit behavior ranging from solid solution to surface deposition, depending on their
solubilities. The workflow therefore was revised by [25] to provide a more comprehensive
understanding of impurity incorporation mechanisms.

This study investigates the anti-solvent crystallization of LiOH-H,O from the pregnant
leaching solution (PLS) of a flue dust. The flue dust, generated during pyrometallurgical
processing of spent NMC batteries [29], was leached in limewater, yielding LiOH (aq)
along with dissolved impurities such as Na, K, sulfur (S), calcium (Ca), aluminum (Al),
zinc (Zn), and chromium (Cr) [30]. The key research questions addressed in this work are
as follows: What is the effectiveness of selected anti-solvents in crystallizing LIOH-H,O
from the leachate? What are the mechanisms by which certain impurities incorporate
into the LiOH-H,O crystal? What measures can be taken to improve impurity rejection to
industrially acceptable levels? To address these questions a comprehensive investigation
was carried out, involving screening tests, parameter optimization with the chosen anti-
solvent, and mechanistic studies of impurity incorporation by employing the revised
workflow developed by [25]. This also includes crystallization kinetics and thorough
characterization of solid and aqueous samples.

2. Materials and Methods
2.1. Materials

The chemical composition of the PLS used in this study is presented in Table 1. In the
study organic solvents such as ethylene glycol (99%) and ethyl acetate (99.5%) from Sigma
Aldrich (Burlington, MA, USA), acetone (100%) and absolute ethanol (99.5%) from VMR
Chemicals (Randor, PA, USA), and isopropanol (99.5%) from Thermo Scientific (Waltham,
MA, USA) were employed.

Table 1. Chemical composition of the PLS, calculated based on ICP-OES data.

Element

Li

Na K Ca Al Zn S Cr

Conc. (g/L)

5.63 0.23 0.28 0.04 0.07 0.10 0.15 0.01
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2.2. Methods
2.2.1. Organic Solvent Screening

The choice of an organic solvent is a critical step for achieving high recovery of the
targeted metal salt during anti-solvent crystallization. The selection process, guided by
several key factors [9], is as follows:

1. Dielectric constant: A low dielectric constant decreases the activity of water, which
directly influences the solubility and crystallization efficiency.

2. Viscosity: Moderate viscosity ensures smooth handling in downstream processes, such
as filtration and product washing.

3. Chemical Stability: The solvent must be unreactive with components in the aqueous
phase to prevent undesirable side reactions.

4. Electrochemical inertness: The solvent EH-pH window should be equal to or wider
than water.

5. Boiling point and heat of vaporization: A normal boiling point and specific heat of
vaporization, typically lower than water to reduce energy consumption during liquid—
liquid separation.

Five anti-solvents—namely ethanol, isopropanol, acetone, ethylene glycol, and ethyl

acetate—were selected for screening tests. The properties of these anti-solvents are pre-
sented in Table 2.

Table 2. Specifications of organic solvents selected for screening tests for LiOH-H,O crystallization.
The data to generate this table is extracted from [9,31] for 25 °C.

Molecular
. . Densit Boilin Dielectric Viscosit
Anti-Solvent Weight (g/mL)y Point (ogC) Constant (cP) !
(g/mol)

Ethanol 46.06 0.78 78.37 24.50 1.10
Acetone 58.08 0.78 56.00 20.70 0.36
Isopropanol 60.10 0.80 82.60 20.10 2.25
Ethylene Glycol 62.07 1.11 197.30 37.00 18.40
Ethyl Acetate 88.11 0.90 77.10 6.40 0.44

The screening experiments were conducted in an incubated shaker (Thermo MaxQ
4000, Thermo Fisher Scientific Inc., Waltham, MA, USA) under controlled conditions for
72 h. The temperature and stirring rate in the screening tests were kept constant at 25 °C
and 150 rpm, respectively. For each test, 20 mL of leachate was mixed in a single step with
the tested anti-solvent. To evaluate the effect of solvent volume, anti-solvent crystallization
was performed at two different organic-to-aqueous (O/A) volumetric ratios of 3 and 6.
Each screening test was conducted in duplicate to ensure consistency.

At the end of the screening experiments, the supernatants were sampled, filtered
through 0.45 pm nylon syringe filters, and preserved directly in 2% HNOj3 solution. The
preserved samples were diluted 100-fold and analyzed for their residual content using
an inductively coupled plasma optical emission spectrometer (ICP-OES, Model: Thermo-
Scientific ICAP 7200 DUO, Thermo-Fisher Scientific, Waltham, MA, USA). Following
sample collection, the solution was filtered, and the crystals were collected and preserved
for further analysis. Scanning electron microscopy (SEM) was performed on the crystals
using Zeiss Gemini Merlin Field Emission Scanning Electron Microscope coupled with
Energy-Dispersive X-ray Spectroscopy (SEM-EDS, Carl Zeiss AG, Oberkochen, Baden
Wauttemberg, Germany). For imaging, a thin layer of crystals was mounted on an adhesive
carbon tape and an acceleration voltage of 10 kV and emission current of 300 pA was used,
while for EDS they were set to 20 kV and 1 nA.
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2.2.2. Crystallization Kinetics

The crystallization kinetics encompassing nucleation and growth are directly influ-
enced by the degree of supersaturation. Supersaturation (S) is defined as the difference
between the chemical potential of the solute in the supersaturated and the saturated
state [32]. For non-ideal solutions the S is calculated using Equation (1) [33]:

X Y

5= (5) (y) M
where x and x* are mole fractions and -y and y* are activity coefficients at supersaturated
and saturated state, respectively. To calculate supersaturation, the activity coefficient
values of water and PLS components were obtained using the Equilibrium module of HSC
Chemistry 10 (Metso Finland Oy, Espoo, Finland), which employed the Pitzer model for its
calculation. The rate of nucleation was evaluated based on the classical nucleation theory
using Equation (2) [11]:

(2)

—167Y30?
]hom = Ahom'exp< < >

3T3K3 (InS)?

In this expression, Ay, Y, ve, Kp, T and S are pre-exponential factors, surface free
energy, Boltzmann’s constant, temperature and supersaturation, respectively. The crys-
tal growth during anti-solvent crystallization was evaluated using the diffusion—surface
reaction model as expressed by Equation (3) [11]:

Re = Kg (S —1)8 (3)

where K, is the overall mass transfer for the growth and its value lies between 107 — 10~ m/s
and g is the growth parameter which is typically 1.0.

2.2.3. Optimization of O/ A Ratio, Crystallization Time and Stirring Rate

Following the screening tests, experiments were carried out for optimizing the
O/ A ratio, crystallization time, and stirring rate using the selected anti-solvent. All experi-
ments were conducted at 25 °C in an incubated shaker and in each case, the anti-solvent
was mixed with the PLS in a single step.

For O/ A ratio optimization, the anti-solvent was added to the PLS at O/ A volumetric
ratios of 1:5, 1:2, 1:1, 2:1, 4:1, 5:1 for 72 h at a constant stirring rate of 150 rpm. After comple-
tion, supernatants were sampled, diluted 100-fold and analyzed for their chemical content
using ICP-OES. The experiments were conducted in duplicate to ensure reproducibility.

To investigate the effect of crystallization time, experiments were conducted at the
optimal O/ A ratio at a stirring rate of 150 rpm. Samples were collected at 0.16 h, 0.33 h,
0.66h,1h,2h,3h,6h,24h,48 h, and 72 h, diluted and analyzed as described previously.
Three parallel experimental setups were employed, with samples taken from alternating
setups to minimize disturbance. The three parallel experiments were considered as a single
set of data, and the entire process was repeated to ensure reproducibility.

Finally, the effect of the stirring rate was evaluated in duplicate experiments at
an optimal O/A ratio and crystallization time by varying the stirring rate to 150, 200,
250, and 300 rpm. After completion, supernatants were sampled, diluted, and analyzed for
their chemical content.

2.2.4. Supersaturation Control Through Anti-Solvent Addition Rate

After determining the optimal O/ A ratio, crystallization time, and stirring rate, exper-
iments were conducted with the controlled addition of anti-solvent to the PLS. The degree
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of supersaturation is influenced by changing the addition rate, which in turn can affect
crystallization yield, impurity rejection and morphology of the crystals.

To study these effects, experiments were carried out using the Easy Max 402 Synthesis
Workstation equipped with Easy Viewer 100 particle analyzer probe (Mettler-Toledo Inc.,
Columbus, OH, USA). The system includes a 400 mL glass reactor, pitch-blade glass
propellor & 38 mm, thermometer, and an SP50 dosing unit (Mettler-Toledo Inc., Columbus,
OH, USA). The experiments were conducted in duplicate at the previously optimized
O/ A ratio, crystallization time, and stirring rate, at a temperature of 25 °C.

Owing to the size limitations of the reactor and the necessity for the particle analyzer
probe to remain submerged in the solution, 50 mL of the anti-solvent was initially mixed
with 50 mL of the PLS, before addition to the reactor. The effect of the addition rate of
the remaining anti-solvent was then examined at flow rates of 2.5 mL/min, 5 mL/min,
7.5 mL/min, 10 mL/min, and 12.5 mL/min. The number and size of particles were moni-
tored every 10 s using the Easy Viewer 100 particle analyzer. The analyzer detects particles
passing under the laser beam, However, given the system agitation, the measurements of
the number and size of crystals were considered representative for the entire system. At
the conclusion of each experiment, solids were filtered, and supernatants were sampled
and analyzed by ICP-OES to determine crystallization yield and impurity incorporation.
The crystals of LiOH-H,O were dried in a vacuum desiccator. A 0.304 g portion of high
LiOH-H,O0 yield and effective impurity rejection was digested in 20 mL of aqua regia at
100 °C for 90 min. The resulting solution was diluted 100, 1000, and 2000 times with 2%
HNOj; and then analyzed by ICP-OES for chemical content. The remaining crystals were
further analyzed using SEM-EDS.

2.2.5. Diagnosis of Impurity Incorporation Mechanisms

In this study, the diagnostic workflow was followed to investigate impurity incorpora-
tion in high-purity crystals obtained under a controlled anti-solvent addition rate.

Microscopic Imaging for Agglomeration Assessment: To evaluate agglomeration,
crystals were examined using SEM imaging. The lack of evidence for free-flowing crys-
tals during this stage would suggest that impurity-rich mother liquor might have been
trapped in the bridge between agglomerated crystalline particles and might be the cause
of impurity incorporation within the crystals. In this case, anti-agglomeration strategies
such as selecting a different solvent, reducing the degree of supersaturation or changing
fluid dynamic conditions should be considered [34,35]. Conversely, if the SEM images
confirm the presence of free-flowing crystals, agglomeration can be ruled out as a primary
mechanism for impurity incorporation.

Surface washing of crystals: If agglomeration is not responsible, the next diagnostic
step involves surface adsorption of impurities. This was investigated by slurry experiments
and around 0.4 g of crystals were suspended in 60 mL of saturated LiOH-H,O impurity-free
anti-solvent and agitated at 150 rpm for 12 h at 25 °C in an incubated shaker. At the end
of the slurry experiment, the solution was filtered, and supernatant was sampled, diluted
to be analyzed by ICP-OES. If >50% of the impurity is removed by this method, surface
adsorption could be the primary mechanism of impurity incorporation.

Impurity Mapping through Gradual Dissolution of Crystals: The location and nature
of impurity incorporation were further studied in controlled dissolution experiments,
conducted in duplicate for reproducibility. Approximately 0.9 g of crystals were suspended
in 80 mL of pure anti-solvent and subjected to dissolution in an incubated shaker at 150 rpm
for 30 min. Milli-Q water (Millipore Sigma, Burlington, MA, USA) was incrementally added
to induce gradual dissolution of crystals. The dissolution profile of bulk crystals was then
correlated with the concentration of impurities released at each stage. This approach makes
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it possible to qualitatively determine whether impurities are located as conglomerates
(high- and low-solubility), embedded as inclusions within the crystal matrix (growth and
attrition induced), or incorporated as solid solution.

Solubility Profile of Impurity Salts in Acetone-Water Mixtures: To isolate conglomer-
ate effects from other incorporation mechanisms during stepwise dissolution, the solubility
of impurities ranging from surface-deposited to those forming solid solutions was mea-
sured individually under the same solvent compositions used in the stepwise experiments.
Since the anticipated crystallized impurities are hydroxide, zinc hydroxide (Fluorochem)
was used for solubility measurements. An excess amount of the salt was introduced into
its respective solvent and agitated at 150 rpm for 12 h at 25 °C in an incubated shaker.
Following equilibrium, the suspensions were filtered, and aliquots were collected, diluted
as necessary, and analyzed by ICP-OES.

3. Results
3.1. Organic Solvent Screening

Table 3 presents the results of organic solvent screening tests conducted at O/ A ratios
of 3 and 6. The results depict that ethyl acetate facilitated the removal of 100% of Li from
the aqueous phase. However, it also extracted nearly 100% of impurities at both tested
O/ A ratios, demonstrating poor selectivity for Li. Moreover, the addition of ethyl acetate
did not result in the formation of clean crystals, instead hydrated gel-like precipitate was
formed, reducing its suitability for crystallization. Apart from ethyl acetate, the observed
trend in crystallization efficiency of Li and impurities across the tested solvents followed
this order: acetone > isopropanol > ethanol > ethyl glycol. Acetone (O/A ratios of 3 and
6) and isopropanol (O/A ratio of 6) demonstrated promising potential to crystallize Li,
enabling the formation of well-defined crystals with substantial impurity rejection.

Table 3. Crystallization yield for organic solvent screening tests at a stirring rate of 150 rpm, 25 °C
and 72 h. The yield calculated based on ICP-OES data is presented as Mean £+ S.D (n = 2).

SoAl?/teir-lt AEctelg:e Ethanol Acetone Isopropanol Ethylene Glycol
O/A Ratio 3 3 6 3 6 3 6 3 6
lé;ffgita) 99.7 +0.4 99.7 403 236+12 62.14+4.0 86.8+1.5 97.240.0 361406 88.5+0.7 124+14 420428
11:;2152);1551) 984421 96.4+49 20.8+0.9 66.8 +4.3 715+12 853415 343422 66.5+2.1 10.9 + 0.6 423420
hf;g;*f‘o};) 99.9+0.0 992407 38+1.0 724+42 56.5+13 847+21 213420 715+2.1 22404 31.8+02
léiflrg’;t(a/lo) 100 =+ 0.4 100 £ 0.5 219440 95.6+ 4.4 90.14+1.1 99.9 4 0.0 73.0+09 99.0 + 1.4 228409 505+ 1.6
hczztclroyrfta/l) 954417 96.8 + 4.3 53.6+18 97.0 +42 99.5+0.7 100 +0.0 99.5+0.7 99.9+0.0 545+18 723+29
hzzr;;?;sza/i) 94840.1 923433 55.0 + 1.0 89.4+34 96.3+1.0 100 £ 0.2 76.6+15 96.5+1.9 55.143.1 721423
hi’;trlsz?l/ ) 998402 100 + 0.0 45410 942+2.1 53.7+1.1 739+19 51.3+24 87.8+16 13.9+0.8 484+1.1
Craystal- 99909 100 +0.7 76+15 573+38 705+ 1.0 90.6+1.9 384+1.0 645+2.1 0.7+02 354+17

lization (%)

Figure 1 presents the SEM images and the corresponding EDS analysis points for
crystals obtained from the screening tests using acetone and isopropanol. Crystals formed
in acetone at O/ A ratios of 3 and 6 are rectangular cuboid-like with visible rough patches.
At an O/A ratio of 3, needle-like inclusions are observed within the crystals (Figure 1b),
whereas crystals obtained at an O/A ratio of 6 show a high degree of agglomeration
(Figure 1c), although they appear to retain a similar cuboid shape. In contrast, crystals
recovered using isopropanol at an O/ A ratio of 6 display a needle-like shape and exhibit
pronounced branching structures as patches on the crystal surface.
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Table 4 presents the elemental composition (wt.%) from the EDS analysis performed at
the points indicated in Figure 1. Elements such as Al S, K, Ca, Cr, and Zn were detected as
crystallized impurities during the screening tests. These impurities predominately appear
on the rough or patchy surface of crystal surfaces, while smoother surfaces tend to be
relatively impurity-free. The needle-like inclusion observed in the crystals at an O/ A ratio
of 3 for acetone contained mostly S, Zn, and K.

i Spectrum 3

+
Spectrum 1*

Spectrum 4

« Spectrum 7

&

X

""\.4 o

Figure 1. SEM images of LiOH-H,O crystals obtained during organic solvent screening tests:
(a,b) crystals formed in acetone at an O/A ratio of 3 and at two different resolutions; (c,d) crys-
tals formed in acetone at an O/ A ratio of 6 and at two different resolutions; and (e,f) crystals formed
in isopropanol at an O/ A ratio of 6 at two different resolutions. The crystals were formed at a stirring
rate of 150 rpm, for 72 h, at a temperature of 25 °C.
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Table 4. Weight % of elements analyzed by SEM-EDS on the points on Figure 1 for the LiOH-H,O
crystals obtained at O/ A ratios of 3 and 6 for acetone and isopropanol at a stirring rate of 150 rpm

and 25 °C.
Specimen Spectrum Al S K Ca Cr Zn
P No. (wt. %) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
LiOH-H,O 1 - 0.42 0.68 0.06 0.04 0.25
crystals, 2 0.03 0.07 0.05 - - 0.11
acetone )
(O/A =3) 3 - 0.08 - 0.25 - -
LiOH-H,O 4 0.01 0.02 0.03 0.02 0.06
crystals, 5 0.01 0.09 0.09 0.02 0.07 0.17
acetone 1 1 4
(O/A = 6) 6 0.0 0.14 0.06 0.03 0.19 0.49
LiOH-H,O 7 0.01 0.27 02 - - -
crystals,
isopropanol 8 - 0.1 - - - -
(O/A=6)
3.2. Crystallization Kinetics

As supersaturation is the primary driving force for crystal nucleation and growth,
other experimental parameters related to nucleation and growth were not directly measured.
Instead, nucleation and growth are discussed in Section 4 based on the supersaturation
calculations derived from the data presented in this section.

Derived from the Equilibrium module of HSC Chemistry 10, Figure 2 shows the
variation in activity coefficient of ions in the PLS with an increasing O/A molar ratio
for both acetone and isopropanol. The change in activity coefficient is similar for the
two anti-solvents. Upon addition of anti-solvent, the activity coefficient of water decreased
significantly from approximately 1 to 0.5 at a molar ratio of 1.5, whereas the activity
coefficient of PLS components, such as Li, Na, K, Al, Zn, Cr, Ca, OH, and S, increased.

‘—D— AP Zn**——Ca** < Na* K* cr¥*——Li*—o— OH™—+— §*—2—H,0
a

@ 20 (0 120

1.8 4 118 1.8 118
0 1.6 7 416 F a 1.6 - o7 16 3
_ © ° i i 1
E 1.4 - 5P 14 2 2 14 m@@ 14 3
5 T 5 B o 5

o 124 s 412 © - 1.2 o3 {12
§ e AT i g "
5 10 oag Y o 1108 2104 aa, T o J1o ©
g 0 @9? 2 % X aiﬁ_r 2
® 084 7 g o, 108 £ g 08 T *a Ho08 &
o i e Ty ay 0 2 v,m‘o >y a, 9
> 0.6 - 2., 406 ; 2 0.6 ., 06 5
2 04 104 5 2 044 Jo04 3
O ] [ °
® 0.2 Joz &  ®o2- « q02 @

. W O e D
0.0 - EREARe S Anwa é g5 400 0.0 - BR G fas 5 S HHAH - 0.0
-0.2 T T T T T T T T -0.2 -0.2 —T T T 1 — 1 —— 1 —1-02
00 02 04 06 08 10 12 14 16 00 02 04 06 08 10 12 14 16
molar ratio (organic solvent / water) molar ratio (organic solvent / water)

Figure 2. Change in activity coefficient of ions in the PLS and water with changing organic sol-
vent/water molar ratio: (a) Acetone, (b) Isopropanol at 25 °C.
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The activity coefficient and mole fraction values used for calculating the supersatura-
tion of Li in acetone and isopropanol at OA ratios of 3 and 6 are presented in Table 5. In the
case of acetone, the supersaturation increased from 1.59 to 1.61 when O/ A ratios increased
from 3 to 6. Meanwhile, for isopropanol this increase was sharp, i.e., from 1.34 to 2.20.

Table 5. Molar ratio, activity coefficient and the supersaturation values for Li in acetone and iso-
propanol at O/ A ratios of 3 and 6, at a stirring rate of 150 rpm and 25 °C.

Mole Fraction of Li Mole Fraction of Li
Anti-Solvent in Supersaturated in Saturated State of Li in Saturated Spi= ( i ) (YLf )
State (x1;) (x7;)

Activity C.o?fﬁment Activity Coefficient
of Liin
Supersaturated State

) State (Y7;)

Acetone, O/ A ratio 3 0.442 0.999 1.59
Acetone, O/ A ratio 6 0.311 1.409 1.61

Isopropanol, O/A
ratio 3
Isopropanol, O/A
ratio 6

0.479 0.579

0.376 0.989 1.34

0.434 1.388 2.20

3.3. Optimization of O/A Ratio, Crystallization Time, and Stirring Rate

Among the solvents tested, acetone demonstrated promising potential to crystallize
Li, with substantial impurity rejection, at relatively lower O/ A ratios. Therefore, it was
selected as the anti-solvent for the recovery of high-purity LIOH-H,O from the PLS and
was further investigated for process parameter optimization.

Figure 3 presents the optimization of key process parameters, O/ A ratios, crystal-
lization times and stirring rates for anti-solvent crystallization using acetone. The data
is presented as a mean value with max standard deviations of +3.3, 6.2, and £3.3 for
the O/ A ratio, crystallization time and stirring rate respectively (n = 2). As depicted in
Figure 3a, increasing the O/ A ratio from 0.2 to 5 led to a progressive increase in the crys-
tallization yield of Li, reaching a maximum of 96% at an O/ A ratio of 5. However, with
increasing O/ A ratios, the co-crystallization of impurities also increased and exceeded
90% at an O/ A ratio of 5 for Al, Ca, and Zn. Therefore, an O/ A ratio of 4 was selected as
optimal, balancing a high Li recovery (90%) with comparatively less impurity incorpora-
tion. Crystallization time optimization (Figure 3b) conducted at the selected O/ A ratio of
4 revealed that both Li and the impurities crystallized rapidly during the initial stages.
Over time, the impurity levels started to reduce and stabilized for most of the impurities
after 3 h. Therefore, a crystallization time of 3 h was deemed optimal.

Stirring rate optimization (Figure 3c), performed at the optimized conditions of
an O/A ratio of 4 and a 3 h crystallization time, showed no significant change in ei-
ther Li crystallization yield or impurity co-crystallization across the range of stirring rates
tested. Therefore, the initial stirring rate of 150 rpm was kept for the rest of the experiments.
The results of experiments conducted under the optimized conditions—an O/ A ratio of 4,
crystallization time of 3 h, and stirring rate of 150 rpm at 25 °C—are presented in Table 6.

Table 6. Summary of crystallization results obtained at optimized conditions: an O/A ratio of 4,
crystallization time of 3 h, and stirring rate of 150 rpm at 25 °C. The crystallization yield calculated
based on ICP-OES data is presented as Mean £ S.D (n = 2).

Element Li

Na K Ca Al Zn S Cr

Crystallization (%) 88.8 £0.2

29.8 £3.0 437 £4.2 979 £28 808+0.0 942+24 147+£31 578+10
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Figure 3. Process parameter optimization for anti-solvent crystallization of LIOH-H,O using acetone;
(a) crystallization yield of Li and co-crystallization of other impurities at O/ A ratios of 0.2, 0.5, 1, 2, 4,
and 5, at 25 °C, stirring rate of 150 rpm, and 72 h; (b) crystallization yield of Li and co-crystallization
of other impurities during elapsed time of 72 h, at an O/A ratio of 4, 25 °C, and stirring rate of
150 rpmy; (c) crystallization yield of Li and co-crystallization of impurities under stirring rates of 150,
200, 250, and 300, at an O/ A ratio of 4, 25 °C, and 3 h. The crystallization yield was calculated based
on ICP-OES data.

3.4. Supersaturation Control Through Anti-Solvent Addition Rate

Table 7 presents the crystallization behavior of PLS components under various anti-
solvent flow rates. Li recovery remained constantly high at around 90% across all tested
flow rates. However, minimum co-crystallization of impurities was achieved at the flow
rate of 5 mL/min and was considered to be favorable for Li crystallization.

Table 7. Summary of crystallization results at various flow rates at an O/ A ratio of 4, crystallization
time of 3 h, stirring rate of 150 rpm and 25 °C. The crystallization yield calculated based on ICP-OES
data is presented as Mean &+ S.D (n = 2).

Anti-Solvent Flow Rate 2.5 mL/min 5 mL/min 7.5 mL/min 10 mL/min 12.5 mL/min
Li crystallization (%) 90.5 + 0.2 89.7 £ 0.2 90.1 £0.1 90.3 £ 0.1 90.7 £ 0.3
Na crystallization (%) 26.6 £3.3 214+1.8 254 +0.3 221 +0.8 222+15
K crystallization (%) 312+ 0.7 23.2£3.0 28.2 +2.39 247 £0.3 25.6 £0.9
Al crystallization (%) 80.0 £ 3.1 743+ 2.6 80.3 £0.8 773 +£22 82.0+£29
Ca crystallization (%) 83.3+0.2 80.52 £ 1.0 769 + 0.2 88.6 +0.2 83.1+0.2
Zn crystallization (%) 95.8 £0.1 971 £22 93.2 £0.0 94.6 £0.3 93.4+£0.2
Cr crystallization (%) 46.5+0.9 394+£1.0 412+13 424+ 04 446+ 14

S crystallization (%) 0.0 £ 0.0 0.0+ 0.0 0.0 £ 0.0 0.0+ 0.0 0.0 +0.0
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Figure 4 illustrates the effect of the controlled acetone addition rate on crystal forma-
tion, showing the evolution of average crystal length and number of particles over time for
two flow rates, i.e., 5 mL/min and 12.5 mL/min. The cumulative volume of anti-solvent
added is also presented to highlight the effect of progressive anti-solvent addition on the
count and size of particles.
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Figure 4. Average particle length and counts of particles recorded in the focus area of a laser beam
with respect to the changing O/ A ratio: (a) acetone at an addition rate of 5 mL/min, stirring rate of
150 rpm, 25 °C; (b) acetone at an addition rate of 12.5 mL/min, stirring rate of 150 rpm, 25 °C.

At a flow rate of 5 mL/min (Figure 4a) both the average particle length and counts
were high from the start and increased substantially when the O/A ratio exceeded
a value above 1.5. The growth in the number of particles was more pronounced than
the increase in the average length of crystals. The maximum particle count was recorded at
an O/ A ratio of 3.5, followed by a temporary decline accompanied by a slight increase in
particle size. Both parameters stabilized during the hold time once the O/ A ratio reached
a value of 4. Notably, spikes in average particle size accompanied by drops in particle count
were occasionally observed during the experiment; these fluctuations quickly normalized
and were likely due to large, agglomerated particles temporarily entering the detector’s
field of view. Once they settled, the average size rapidly returned to normal.

At a higher flow rate of 12.5 mL/min (Figure 4b), similar trends were observed. The
maximum number of particles occurred at an O/ A ratio of 4, but the overall number of
particles remained lower than at 5 mL/min and exhibited a continuous decline thereafter,
but the average particle length was consistently higher than that of 5 mL/min. The
temporary spikes in average particle size, likely due to agglomerated particles, were more
frequent at this flow rate.
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Figure 5 shows the SEM images and corresponding EDS analysis points for LIOH-H,O
crystals formed in acetone at an anti-solvent flow rate of 5 mL/min. The crystals maintain
the characteristic rectangular cuboid-like morphology observed during the initial screening
tests. However, the rough patches now appear to be more uniformly distributed across the
crystal surface. Table 8 presents the elemental composition (wt.%) obtained from the EDS
analysis conducted at the points indicated in Figure 5. Elements such as Al, K, Ca, and
Zn were detected as crystallized impurities under the optimized flow conditions. These
impurities were predominately located on the rough surface regions of crystals, while
smoother surfaces only tended to retain Zn.

v +

. Spectrum 2‘ )
. ,.'\ -l

Figure 5. SEM images of LiIOH-H,O crystals at two different resolutions: (a) at 40 um and
(b) at 10 um. The crystals were formed in acetone at an O/A ratio of 4, with an acetone flow
rate of 5 mL/min, stirring rate of 150 rpm, for 3 h, at a temperature of 25 °C.

Table 8. Weight % of elements analyzed by SEM-EDS on the points on Figure 5 for the LiOH-H,O
crystals obtained in acetone at an O/ A ratio of 4, flow rate of 5 mL/min, stirring rate of 150 rpm, 3 h,
at a temperature of 25 °C.

Specimen Spectrum Al K Ca Cr Zn
p No. (wt. %) wWt.%) (wt.%) WwWt%) (wt.%)
LiOH-H,O crystals, 1 0.16 - 0.11 - 0.19
tone, L/mi
acetone, 5 mL/min ) i i i i 0.9

(O/A = 4)

Table 9 presents the ICP-OES results of digested LiOH-H,O crystals, produced under
optimized conditions, and their allowable limits for commercial battery-grade specifica-
tions [36]. Based on the Li content, the recovered LiOH-H,O crystals correspond to around
95% purity. All measured impurity concentrations exceeded acceptable thresholds for
battery-grade LiOH-H,O precursors by 1-3 orders of magnitude and therefore require
substantial mitigation to achieve battery-grade purity.
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Table 9. Concentration of crystallized impurities in LIOH.H,O (an O/ A ratio of 4, acetone flow rate
of 5 mL/min, stirring rate of 150 rpm, for 3 h, at a temperature of 25 °C) in comparison to allowable
impurity limit in commercial LIOH-H,O. The concentration of crystallized Li and impurities is
measured by ICP-OES.

Element Li Na K Ca Al Zn Cr
Crystallized LiOH-HO (ppm) 156,829 1472 3081 1817 2033 5048 213
Allowed impurities ) 20 10 15 10 10 5

(ppm)

3.5. Diagnosis of Impurity Incorporation Mechanism

The LiOH-H,O crystals formed in acetone under optimized conditions of anti-solvent
addition rate of 5 mL/min, an O/ A ratio of 4, stirring rate of 150 rpm, and 25 °C, were
examined using SEM as shown in Figure 5. The crystals exhibit free-flowing, well-dispersed
morphology, ruling out agglomeration as the primary mechanism of impurity incorporation
within the crystals.

Surface washing experiments conducted on LiOH-H,O crystals formed in acetone
under optimized flow rate conditions removed none of the impurities from the surface of
the crystals. This finding effectively rules out surface adsorption as the primary mechanism
of impurity incorporation within the LIOH-H,O crystals.

Figure 6 shows the dissolution profile of impurities as bulk LiOH-H,O crystals were
gradually dissolved through incremental additions of Milli-Q water. The data is presented
as a mean value with a maximum standard deviation of +3.4 (n = 2). For Al, the dissolution
was sharp and reached above 95% after the first addition. Complete Al dissolution occurred
after the second addition when around 5% of bulk crystals were dissolved. Similarly, Na,
K, and Ca showed rapid dissolution with 100% of each element dissolved when roughly
25% of the bulk crystals were dissolved. In contrast, Cr dissolution was steadier and
reached only around 23%, even when the bulk crystals were fully dissolved. Zn dissolution
was initially gradual but increased sharply when approximately 60% of bulk LiOH-H,O
crystals were dissolved, ultimately reaching complete dissolution when around 95% of bulk
crystals dissolved.

Except for Zn, the gradual dissolution of impurities suggested the formation of high-
or low-solubility conglomerates. To determine whether Zn dissolution was driven by
conglomerate effects, a solubility test was performed. Table 10 presents the mean + S.D
(n = 2) solubility for Zn at different acetone/water ratios, alongside the corresponding Zn
dissolution observed during the gradual dissolution experiments. The results depict that
Zn was almost insoluble across all acetone/water ratios tested. In contrast, during the
gradual dissolution experiments, Zn dissolved consistently with each successive addition
of Milli-Q.

Table 10. Solubility of Zn in different acetone/water ratio and the corresponding Zn dissolution
during gradual dissolution experiments. The solubility (mg) calculated based on ICP-OES data is
presented as Mean + S.D (n = 2).

Acetone/Water (mL) Solubility of Zn (mg) Géglgisls‘)?s‘;z?u]tjigﬂr(lrig)
80/20 0.000 + 0.000 0.000 £ 0.000
80/27 0.000 £ 0.000 0.022 £+ 0.001
80/32 0.000 £ 0.000 0.350 £ 0.009
80/45 0.000 +£ 0.000 0.050 £ 0.004
80/50 0.000 +£ 0.000 0.732 £ 0.006
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Table 10. Cont.
- Zn Dissolved During
Acetone/Water (mL) Solubility of Zn (mg) Gradual Dissolution (mg)
80/55 0.000 £ 0.000 0.955 £ 0.032
80/60 0.000 £ 0.000 1.075 £ 0.003
80/65 0.000 £ 0.000 1.223 £ 0.021
80/70 0.000 £ 0.000 2.530 & 0.000
80/75 0.420 £ 0.006 2.530 & 0.000
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Figure 6. Dissolution of impurities with respect to bulk LiOH-H,O crystals dissolution. The
LiOH-HO were formed at optimized conditions of an O/A ratio of 4, with acetone flow rate
of 5 mL/min, stirring rate of 150 rpm, for 3 h, at temperature of 25 °C. The impurity dissolution %
was calculated based on ICP-OES data.

4. Discussions

The crystallization yield for Li observed during the screening tests is consistent with
the dielectric constants of the organic solvents (Table 2) investigated. The trend in dielectric
constant follows this order: ethyl acetate > acetone > isopropanol > ethanol > ethyl glycol.
Screening tests with ethyl acetate did not yield well-defined LiOH-H,O crystals. This
may be attributed to the solvent’s hydrogen bonding characteristics and its impact on the
solvation environment. Ethyl acetate is a polar aprotic solvent with moderate hydrogen
bond accepter capacity but no hydrogen bond donor ability. Its introduction into the PLS
might have facilitated the formation of extended hydrogen bonded networks involving
water and ethyl acetate molecules [37]. These networks could disrupt the hydrogen shell
surrounding Li* ions, thereby trapping it and preventing well-ordered crystal formation.

Although acetone and isopropanol have comparable dielectric constants (20.7 and
20.1, respectively, in Table 2), their performance as anti-solvents differed significantly. At
an O/ A ratio of 3, the crystallization yield of Li was 86% for acetone, but only 37% for
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isopropanol (Table 3). Since anti-solvent crystallization is a diffusion-controlled process,
lower viscosity enhances molecular diffusion and promotes nucleation [11]. Acetone with
a viscosity of 0.36 cP, facilitates faster diffusion than isopropanol, which has a viscosity of
2.25 cP (Table 2), likely resulting in higher Li recovery.

Rectangular cuboid-like LiOH-H;O crystals were obtained in acetone, while needle-
like crystals were observed in isopropanol at an O/ A ratio of 6 (Figure 1). This difference
in crystal morphology can be attributed to the varying levels of supersaturation achieved
in the two solvents, as shown in Table 5. In acetone the increase in supersaturation
from O/A ratios of 3 and 6 was minimal (from 1.59 to 1.61), whereas in isopropanol,
the supersaturation increased significantly from 1.34 to 2.20. This substantial increase
likely influenced both nucleation and crystal growth rates, leading to the formation of fine
needle-like crystals in isopropanol. The nucleation and growth rates are highly sensitive
to supersaturation as compared to the parameter in Equations (2) and (3). For instance,
an increase in supersaturation from 2 to 4 can lead to around 107° folds increase in the
nucleation rate [38]. Such a surge would favor the formation of numerous small nuclei and
limit growth, resulting in thin, needle-like crystal morphologies.

During screening tests, impurities such as Na, K, Al, Zn, Cr, S, and Ca were also
crystallized with Li. The SEM-EDS analysis of LIOH-H,O crystals (Figure 1 and Table 4)
confirmed the presence of these impurities predominately on rough or patchy regions of
crystal surfaces. This can be explained by the ionic properties and activity coefficient of
these species in solution. For crystallization to occur, ions must first release their hydra-
tion shells [39]. Ions with higher ionic charge density are more resilient to dehydration,
making them less likely to crystallize under the same conditions. The ionic charge density
is directly proportional to the oxidation state and inversely proportional to the ionic ra-
dius [11]. Therefore, monovalent cations, such as Na* and K*, which possess lower charge
density and relatively larger ionic radius, are more readily dehydrated and more likely
to crystallize. In contrast, divalent (Zn?*, Ca®"), trivalent (AI®*) and multivalent (S, Cr)
ions exhibit higher charge density, making dehydration and subsequent crystallization
more energy demanding. Solvation theory provides further insights into the concept of
the heat of hydration. It defines the hydration effect as the energy required to separate
water molecules from a hydrated ion. Crystallization becomes more favorable as the heat of
hydration decreases [40].

Table 11 summarizes the ionic radius, oxidation state, and heat of hydration of Li and
for the major impurity ions present in the PLS as impurities. Na* and K* are monovalent
cations with a low heat of hydration. Under conditions of reduced water activity and
elevated OH™ concentration, they would have been crystallized. In contrast, divalent
and multivalent impurities have smaller ionic radii and higher hydration; however, an
increase in their activity coefficients under high OH™ concentration might have promoted
their crystallization.

Table 11. Ionic properties of ions, present in the studied PLS. The date to make this table was taken
from [9,41].

Ion Ionic Radii Oxidation State Heat of Hydration
(Coordination No.) (M]/kg Ion)
(nm)
Li 0.059 (IV) +1 502
Al 0.053 (VI) +3 4808
Na 0.102 (VI) +1 397
Ca 0.112 (VIII) +2 1714
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Table 11. Cont.
Ion Ionic Radii Oxidation State Heat of Hydration
(Coordination No.) (M]J/kg Ion)
(nm)

K 0.138 (VI) +1 314
S - - -

Cr - - -

Zn 0.06 (IV) +2 2210

The optimization experiments for LIOH-H,O crystallization using acetone as an anti-
solvent identified an optimal O/ A ratio of 4, a crystallization time of 3 h, and a stirring
rate of 150 rpm (Figure 3). During the optimization of crystallization time, impurity incor-
poration was initially high but gradually decreased, stabilizing after 3 h. This behavior
may be explained by supersaturation dynamics: as anti-solvent was introduced all at
once, a high supersaturation likely promoted both Li and impurity crystallization. As
crystallization progressed and LiOH-H,O crystals continued to grow, the impurities were
progressively excluded, possibly due to structural characteristics of the growing crystals.
However, S crystallization after about 5 h began to increase and reached around 60% at
72 h. This depicts recrystallization of S, possibly due to the reestablishment of supersatura-
tion in the mother liquor [42].

The average crystal length and number of crystals calculated for two different anti-
solvent flow rates with optimized parameters using acetone (Figure 4) suggest different
growth regimes. At 5 mL/min, particle counts increased significantly, and the average
particle size remained relatively smaller, around 20 um. This behavior indicates a nucleation
dominant regime, where the formation of numerous small crystals is favored due to
moderate supersaturation. At 12.5 mL/min, the particle count remained lower, while the
average particle size increased to approximately 25 pm. This trend suggests that fewer
nuclei were formed initially, but the crystals experienced more rapid growth due to higher
availability of solute, leading to a growth-dominated regime [43].

Varying acetone flow rates did not yield a significant difference in impurity rejection.
This may be due to higher final supersaturation achieved in each setup due to an elevated
O/ A ratio. The increased supersaturation would likely have reduced the solubility of
multiple ionic species, promoting their simultaneous crystallization. Slightly higher levels
of crystallized impurities such as K, Al, Ca, and Cr were detected at 12.5 mL/min com-
pared to 5 mL/min (Table 7). These differences may be attributed to varying degrees of
agglomeration. At higher flow rates, such as 12.5 mL/min, a continuous decline in the
number of particles was recorded (Figure 4), indicating significant agglomeration during
crystallization. However, at 5 mL/min only a single dip in particle count was observed,
after which it stabilized and continued to grow. This behavior suggests that agglomeration
significantly reduced at lower flow rates, leading to improved impurity rejection.

The LiOH-H,O crystals obtained through controlled acetone addition at the flow
rate of 5 mL/min (Table 7) exhibited lower impurity levels as compared to the crystals
formed by introducing acetone all at once (Table 6), despite similar Li crystallization %
in both cases. SEM-EDS analysis of the crystals (Figure 5 and Table 8) showed that the
crystallized impurities are uniformly distributed on the rough patches of crystal surface.
This suggests that controlled anti-solvent addition not only enhances impurity rejection
but also influences the distribution of residual impurities during crystallization.

The experiments conducted to investigate impurity incorporation mechanisms in
LiOH-H,O crystals formed under optimized conditions of an O/ A ratio of 4, crystalliza-
tion time of 3 h, stirring rate of 150 rpm and acetone flow rate of 5 mL/min (Figure 5)

https://doi.org/10.3390/batteries12010035


https://doi.org/10.3390/batteries12010035

Batteries 2026, 12, 35

18 of 21

suggest that agglomeration and surface adsorption are not the primary mechanism of im-
purity incorporation. Instead, most of the impurities crystallized as high- or low-solubility
conglomerates. Gradual dissolution experiments (Figure 6) revealed that impurities,
ie, Na, K, Ca, and Al, dissolved predominately during the early stages of bulk LiOH-H,O
crystal dissolution (~25%). This behavior indicates that these impurities were primarily
crystallized as high-solubility conglomerates. Cr exhibited a dissolution pattern consistent
with a low-solubility conglomerate, with only 23% dissolution occurring when 100% of
bulk crystals were dissolved [25]. This distinct behavior of Cr, which may be present as
Cr(OH); with bulk crystals, is due to its insolubility in water and acetone [44]. The limited
dissolution likely occurred due to an increase in pH with LiOH-H,O crystal dissolution,
which may have dissolved the amphoteric chromium hydroxide.

The dissolution of Zn suggests a more uniform distribution throughout the crys-
tal bulk. The uniform distribution in the crystal bulk is supported by SEM-EDS data
(Tables 4 and 8). The solubility of Zn in different acetone/water solutions alongside its
corresponding gradual dissolution (Table 10) suggests that Zn might have crystallized in
a form other than Zn (OH),. The distribution of Zn in the crystal bulk could be due to
two possible mechanisms. Firstly, because Zn is amphoteric, it may have been readily
present as zincate in the strongly basic PLS [45] and might have been trapped into the
rapidly growing LiOH-H,O crystals. This zinc may have been released into the solution
during gradual dissolution experiments. Secondly, Zn incorporation may have occurred
due to the formation of a mixed Li-Zn phase. Previous studies report that Li can in-
teract with Zn-bearing phases, making the formation of mixed Li-Zn phases plausible
during crystallization [46].

Impurity Mitigation Strategies

Although substantial impurity rejection was achieved with acetone under optimized
conditions, the resulting purity of LIOH-H,O crystals remained around 95%, which falls
short of the >99% purity required for battery-grade LiOH-H,O [6].

To address this, several strategies can be considered. The impurities crystallized with
LiOH-H,O crystals Al, Na, K, Cr, Zn, and Ca can potentially be minimized by controlling
the pH during the leaching stage used to obtain the PLS, by controlling supersaturation
through seeding [47] and/or using appropriate wash solvents [48]. Oxides of Al, Cr, and
Zn which are present in the flue dust [30] are amphoteric [44] and readily form soluble com-
plexes under strong alkaline conditions. Therefore, controlling pH may limit the dissolution
of these elements, and their eventual crystallization with LiOH-H,O crystals. Seeding with
LiOH-H;O crystals can promote crystallization to occur at lower supersaturation, enabling
better control over crystal growth rates and therefore the impurities may not be trapped
physically within the growing crystals. In addition, the rapid drop in supersaturation
following seed addition may prevent impurities from reaching their nucleation thresholds.
Similarly, using wash solvents that exhibit higher solubility specifically for impurities can
facilitate the removal of most of the high-solubility conglomerate impurities such as Na, K,
Ca, and Al from the bulk crystals.

To tackle impurity incorporation without detailed knowledge of specific impurity
incorporation mechanisms, a novel strategy involving impurity complexation can be em-
ployed [48]. The resulting impurity-ligand complexes are larger and more hydrophilic
than their free-ion counterparts, allowing their separation from both the solvent and solute
of interest by methods such as membrane filtration [49]. This method is broadly applicable
across various impurity incorporation pathways, with the exception of impurities that
enter the crystals by solution entrapment. In this case the complexes also remain in the
trapped solution [50].
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5. Conclusions

This study investigated anti-solvent crystallization as a method for recovering high-
purity lithium hydroxide monohydrate (LiOH-H,O) from lithium (Li)-rich leachate with
a focus on process optimization, crystallization behavior, and impurity incorporation
mechanisms. Although several solvents, including ethanol, which have been reported in
previous studies for Li crystallization, produced substantial yields of LiOH-H,O, acetone
was identified to be the most effective crystallization solvent. At a comparatively lower
organic-to-aqueous (O/A) volumetric ratio than those required by other solvents used in
this study, acetone achieved higher crystallization yields while exhibiting superior impurity
rejection. Under optimized conditions (an O/ A ratio of 4, acetone flow rate of 5 mL/min,
crystallization time of 3 h, stirring rate of 150 rpm, and 25 °C) around 90% Li recovery with
a crystal purity of 95% was achieved.

The mechanisms of impurity incorporation within bulk LiOH-H,O crystals were
governed by supersaturation and crystallization kinetics. Diagnosis experiments revealed
that most of the impurities in the crystals obtained under optimized conditions were
incorporated as conglomerates. Na, K, Al, and Ca were crystallized as high-solubility
conglomerates and Cr was crystallized as a low-solubility conglomerate. Zn showed
uniform distribution throughout the bulk LiOH-H,O crystals. This distribution indicated
either entrapment of soluble zincate within rapidly growing LiOH-H,O crystals or the
formation of a mixed phase.

Based on the achieved results, effective impurity rejection to battery-grade levels
requires exploration of several strategies, which include pH control during PLS production;
further suppression of supersaturation by seeding; using appropriate wash solvents to
selectively dissolve impurities; or impurity complexation with membrane-based separation.
Therefore, systematic investigation of these approaches is critical to producing battery-
grade LiOH-H,O.
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