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Based on modeling and optimization of the traditional reactive crystallization process, the preparation conditions of
monodisperse lithium carbonate crystals and the agglomeration mechanism of the reactive crystallization process were explored
in order to develop a novel multi-stage cascade crystallization process. Monodisperse Li>CO; spheres were successfully fabri-
cated with a high yield using a facile ion-exchange route in the study. In order to achieve this goal, the effects of the reactant ra-
tio, reaction time, hexadecyl trimethyl ammonium bromide (CTAB) additive, and reaction temperature on the crystal morphol-
ogy of lithium carbonate were investigated. The results revealed that the optimal experimental conditions for preparing spherical
lithium carbonate are as follows: a reaction feed ratio of 1.5:1, reaction time of 9 h, reaction temperature of 85 °C, and addition
of 1 % CTAB emulsifier.
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Avtorji v pricujocem ¢lanku opisujejo modeliranje in optimizacijo tradicionalnega reaktivnega kristalizacijskega procesa, pogoje
priprave homogene disperzije kristalov litijevega karbonata in mehanizme aglomeracije v reaktivnem procesu kristalizacije.
Avtorji so raziskavo izvedli zato, da bi razvili nov vec¢-stopenjski kaskadni proces kristalizacije. Avtorji so uspeSno izdelali
homogeno disperzijo kroglic Li,CO3 z enostavnim visoko donosnim postopkom izmenjave ionov. Za to, da so avtorji dosegli ta
cilj, so raziskovali vpliv razmerja reaktantov, reakcijski ¢as, dodatek cetrimonijevega bromida (CTAB; angl.: hexadecyl
trimethyl ammonium bromide) in temperature reakcije na morfologijo Li,COs. Rezultati raziskave so odkrili optimalne
eksperimentalne pogoje za pripravo homogene disperzije krogli¢nih delcev Li>»COs kot sledi: reakcijsko polnilno razmerje 1,5:1;

reakcijski Cas 9 ur; temperatura reakcije 85 °C; dodatek CTAB emulgatorja 1 %.
Kljuc¢ne besede: cetrimonijev bromid (CTAB), litijev karbonat (Li,CO3), mikrokristali v obliki pali¢ic in kroglic

1 INTRODUCTION

Lithium carbonate has been widely used in lithium
batteries, concrete (early strength agent), cement (setting
accelerator), ceramics (corrosion inhibitors for organic
coatings), and drugs for mental illness treatment, as well
as for metallurgical impurity removal.'-® In recent years,
because of its high specific capacity, high energy conver-
sion efficiency, small size, lightweight nature, long life,
and environmental friendliness, lithium batteries have
become an indispensable and important energy source in
life, occupying a dominant position in energy storage
and supply.”'° In addition, lithium carbonate is the first
psychiatric drug to be discovered and is by far the most
effective drug for the treatment of bipolar disorder, with
good application prospects.!-!3
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For lithium carbonate, two main preparation methods
are used. One involves smelting and extracting it from
lithium ore. However, due to of the low lithium content
in lithium ore, a low resource utilization rate, high en-
ergy consumption in the preparation process, and severe
environmental pollution, this method of producing lith-
ium carbonate from lithium ore is gradually being
phased out. In recent years, countries around the world
have been actively studying the second method of ex-
tracting lithium, i.e., extracting it from salt lake brine.
Salt lake brine is prepared and extracted by evaporation
concentration, lithium precipitation and drying.'*!® The
advantages of preparing lithium carbonate with this
method are a simple process, easy operation, and high
purity of lithium carbonate products.

With the rapid development of society and technol-
ogy, people’s demand for clean energy and portable and
mobile energy is increasing. As a new type of energy,
lithium-ion batteries are more and more important in our
daily lives and industrial applications. The rapid devel-
opment of the lithium battery industry makes the quan-
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tity and quality demand for the battery-grade lithium car-
bonate increase. There are abundant lithium resources in
salt lakes in China, with a wide distribution. This abun-
dant lithium amount and superior geographical condi-
tions have enabled the rapid technological production of
lithium from salt lakes. Currently, precipitation,!’-20
ion-membrane separation, calcination, ion-exchange ad-
sorption, and solar crystallization precipitation are
mainly employed for producing lithium carbonate from
salt lake brine.?'-?> Although the technology for the prep-
aration of lithium carbonate has been industrialized, it is
generally associated with high production costs, poor
economic benefits, and low lithium carbonate yields,
which affect the performance and service life of down-
stream products.?¢

Therefore, the reactive crystallization process of lith-
ium carbonate from lithium chloride and sodium carbon-
ate was studied in this work, which aimed to achieve a
mass production of monodisperse battery-grade lithium
carbonate crystals. Based on modeling and optimization
of the traditional reactive crystallization process, the
preparation conditions for monodisperse lithium carbon-
ate crystals and the agglomeration mechanism in the re-
active crystallization process were explored in order to
develop a novel multi-stage cascade crystallization pro-
cess. A kind of lithium chloride solution was used to
simulate the lithium salt in salt lake brine to obtain
rod-like and spherical lithium carbonate. Furthermore,
the effects of the additional amount of lithium chloride,
reaction time, CTAB as the additive, and reaction tem-
perature on the crystal growth and morphology of lith-
ium carbonate were investigated. Relatively good pro-
cess conditions for preparing lithium carbonate from salt
lake brine were obtained.

2 EXPERIMENTAL PART
2.1 Materials

Lithium chloride (LiCl-H,O) was purchased from
Nanjing Marsh Reagent Effective Company. Anhydrous
sodium carbonate (Na,CO;) was purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd; CTAB was pur-
chased from Beijing Yili Fine Chemical Co., Ltd. All
chemicals were of analytical purity and used without fur-
ther purification.

An electronic analytical balance (Shanghai Ohaus In-
strument Co., Ltd.), an electric heating blast drying oven
(Shanghai Yiheng Scientific Instrument Co., Ltd.), a
box-type resistance furnace (Shenyang Energy Saving
Electric Furnace Factory) and a vacuum dryer (Shanghai
Suopu Instrument Co., Ltd.) were used in the preparation
process. X-ray diffraction (XRD) patterns were recorded
on an Ultima III diffractometer (Japan Rigaku Corpora-
tion) with Cu-K, radiation at a scanning speed of 4°/min
from 10° to 70°. A field emission scanning electron mi-
croscope (FE-SEM) was used on a SU-5000 (Hitachi, Ja-
pan). Transmission electron microscope analysis was
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conducted with a JEOL, JEM2100PLUS (Japan Elec-
tronics Co., Ltd.) microscope operating at 200 kV.
Samples were dispersed in ethanol and deposited on Cu
grids prior to observation. The particle size and particle
size distribution were examined on laser particle size an-
alyzing equipment (Mastersizer 2000, England).

2.2 Methods

All the reagents used in the experiments were of the
analytical grade and used without further purification. In
a typical synthesis, 0.4 mol/L LiCl-H,O and 0.2 mol/L
Na,COs in appropriate molar ratios were dissolved in 50
mL deionized water. 1% CTAB was added with continu-
ous stirring, and then the mixture was transferred into a
Teflon-lined stainless steel autoclave with a capacity of
60 mL. Finally, the autoclave was sealed and maintained
at 85 °C for 5 h, after which it was cooled to room tem-
perature naturally. The precipitate was collected by
centrifugation, washed several times with deionized wa-
ter and ethanol, and then dried in an oven at 80 °C for
5 h. Thus, the product was obtained. For the content de-
termination, the method of Chinese Pharmacopoeia Part
2 was adopted.?’” About 1 g of this product was taken and
precisely weighed. 50 mL of water and 50 mL of precise
sulfuric acid titration solution (0.5 mol/L) were added.
The mixture was boiled slowly to remove carbon diox-
ide. Then it was cooled. Phenolphthalein indicator solu-
tion was added and titrated with a sodium hydroxide
standard solution (1 mol/L) Titration results were cor-
rected with a blank test. Then 1 mL sulfuric acid solution
(0.5 mol/L) was equivalent to 36.95 mg LiCOs. The
product conformed to the national standard
GB/T11075-2013.%8

3 RESULTS AND DISCUSSION
3.1 Phase analysis of the products

The crystallinity and phase purity of the product were
characterized using XRD analysis. Figure 1 shows the
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Figure 1: XRD pattern of the spherical product
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Figure 2: SEM images of the products with different amounts of lithium chloride and sodium carbonate (without CTAB) (a: 1:1, b: 1.5:1)

XRD pattern of the spherical product. Characteristic dif-
fraction peaks are observed at 26 values of 23.6°, 25.3°,
31.9°, 33.9°, 35.4°, and 47.6°, corresponding to those of
the PDF standard card (JCPDS 72-1276),indicating that
the obtained product is Li,CO;. No characteristic peaks
of other impurities are observed, confirming the success-
ful preparation of the pure phase.

3.2 Effect of an additional amount of lithium chloride
on the crystallization of Li;CO;

Figure 2 shows SEM images of the product obtained
at 125 °C over 6 hours. The product has a relatively reg-
ular prismatic shape. It can be seen in Figure 2a that at a
low lithium chloride concentration, lithium carbonate
crystal grains are obtained as short rods, crystal grains
are relatively coarse, and some lithium carbonate crystal
grains are also accompanied by coalescence. The length
of the small rods is about 130-300 um, and the diameter
is about 40 um. When the feeding ratio is 1.5:1, the
grains are significantly increased, but the length and di-
ameter of prismatic rods are basically unchanged (Fig-
ure 2b). The set of experiments with a 1.5:1 ratio of lith-
ium chloride to sodium carbonate produces more
products due to the increasing lithium chloride concen-
tration of the solution. The process is favorable to the
formation of lithium carbonate crystals.

At a high lithium chloride concentration, the shape of
the lithium carbonate crystal grains does not change con-
siderably, but the crystal grain size of the lithium carbon-
ate crystals becomes relatively small, and agglomeration
is more severe. Smaller lithium carbonate crystal grains
are obtained due to the degree of supersaturation caused
by the increase in the lithium chloride concentration,
leading to an increase in the amount of primary nucle-
ation at the start of the reaction. As a result, lithium car-
bonate crystals are relatively small. The surface energy
of lithium is extremely high; hence, the coalescence of
lithium carbonate crystals is more severe. The severely
coalesced lithium carbonate crystals are mixed with
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some other substances such as sodium chloride, which in
turn can reduce the purity of the as-prepared lithium car-
bonate.

3.3 Effect of the reaction time on the crystallization
yield of lithium carbonate

While maintaining other reaction conditions constant,
the reaction time of lithium chloride and sodium carbon-
ate was changed. Solutions of the same concentration
and volume were prepared for four sets of experiments,
and the reaction times were set to (3, 6, 9, and 12) h, re-
spectively. Then, the obtained experimental products
were dried and weighed. The lithium carbonate crystals
obtained with four reaction times exhibit similar
morphologies, and the particle sizes are not considerably
different, which explains the reaction time at which lith-
ium carbonate crystallizes during the reaction.

Figure 3 shows the yield-reaction time curve of the
influence of reaction time on the production of lithium
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Figure 3: Schematic of the relationship between the reaction time and
the yield
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SU5000 15.0kV 5.9mm x200 SE(L)

Figure 4: SEM images obtained at different reaction times (a: 3 h, b: 9 h)

carbonate. From the beginning to the reaction time
within 9 h, the production of Li,COs increased with the
extension of reaction time. When the reaction time was
from 9 h to 12 h, the production no longer increased.
Considering energy consumption and economic benefits,
the optimal reaction time is 9 h. With the progress of the
reaction, the yield of the obtained lithium carbonate in-
creases, but after a certain level, it does not increase any
longer. From the perspective of a chemical reaction, the
solution concentration continuously decreases during the
reaction. After the reactant in the solution concentration
decreases to a certain level, the reaction reaches equilib-
rium. At this time, even if lithium chloride and sodium
carbonate remain in the solution, no reaction will occur.

Figure 4 shows SEM images of the products pre-
pared at two different reaction times (without CTAB). It
can be seen from the figure that the product size is at the
micrometer level. Figure 4a shows a SEM image of the
product after a 3-h reaction, when the product shape is
close to a rectangle. Figure 4b shows a SEM picture of
the product after a 9-h reaction, when the product mor-

: 5 'OOpm
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phology resembles a long strip or crumb. With the
change in the reaction time, the basic shape and particle
size did not change; thus, the reaction time has little ef-
fect on the morphology of the product.

3.4 Effect of CTAB as an additive on the morphology
of lithium carbonate

CTAB was added during the reaction, and the ob-
tained lithium carbonate crystals were analyzed using
SEM and TEM (as seen in Figures 5 and 6).

The surface morphology, size, and shape of lithium
carbonate were investigated with SEM and TEM, with an
addition of CTAB during the reaction, and the ratio of
lithium chloride to sodium carbonate being 1:1, as shown
in Figure 5. Figures 5a and 5b show typical SEM im-
ages of the product. They present prismatic crystal
grains, but the size is reduced compared with Figures 2
and 4.

The length of the cylinder shortened and the diameter
decreased. Some grains resemble ball-cube particles of

SUS5000 15.0kV 6.0mm x20.0k SE(L) > 00|rlml

Figure 5: Morphology of the product formed after the addition of CTAB during the reaction, with the ratio of lithium chloride to sodium carbon-

ate being 1:1
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Figure 6: Morphology of the product formed with the addition of CTAB during the reaction, and the lithium chloride to sodium carbonate ratio
being 1.5:1; (a, b) SEM images; (¢, d) TEM images

1.5 ym to 1.7 um in diameter, and their growth trends to-  mized concentration of the CTAB dispersant in the reac-
ward a spherical shape. tion solution was found to be about 1 %.

We used SEM and TEM to investigate the surface
morphology, size and shape of lithium carbonate, with
the addition of CTAB during the reaction, and the ratio
of lithium chloride to sodium carbonate being 1.5:1, as

shown in Figure 6. Figures 6a and b show SEM images %0
of the product. They present uniformly dispersed spheri- 70 -
cal particles with diameters ranging from 1 pm to
1.65 pm. Figures 6c and d show TEM images of the 60
product. It can be clearly seen that the size of a single 50
microsphere is 1.1-1.2 pm, which is consistent with the 2
results measured with scanning electron microscopy. % 40 ~

CTAB was selected as the surfactant, as it can be ad- =
sorbed on the surface of the crystal nucleus. It reduces %07
the surface tension between the solid and liquid phases 20 4
in the system and plays a role in promoting nucleation
and structure orientation. Spherical lithium carbonate ex- 104
hibits excellent fluidity, the surface is smooth and dense,

- 0

and the performance of the final lithium carbonate prod- 0 1000 2000 3000

uct is also improved. Hence, the addition of an appropri-
ate amount of CTAB exerts a good effect on the reaction
crystallization of lithium carbonate. As a result, the opti-  Figure 7: Particle size distribution of sphere microcrystals

Diameter of particals(nm)
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3.5 Particle size distribution

The particle size and particle size distribution were
examined with laser particle size analyzing equipment.
Figure 7 illustrates the particle size distribution of the
as-synthesized Li,CO; microspheres when the lithium
chloride to sodium carbonate ratio was 1.5:1 and the re-
action was kept at 85 °C for 2 h. It is obvious that the
product consists of well-dispersed spherical nano-
particles with a mean diameter of 1.48 um. The particle
size distribution ranges from 1 um to 2.6 um.

This particle size range helps ensure the performance
stability of the material in certain applications. Potential
uniform dispersion and relatively concentrated particle
size distribution are crucial for the application of Li,CO;
microspheres in fields such as battery materials. A uni-
form particle size enables a material to perform more
stably during charging and discharging processes. Good
dispersion can improve the mixing uniformity of the ma-
terial with other components, thereby enhancing the
overall performance of a battery.

In considering the formation mechanism of mono-
disperse particles originally determined by LaMer,? it is
necessary to distinguish between two states, which often
overlap, i.e., the formation of nuclei in a homogeneous
environment and their subsequent growth into particles
of a larger size. Monodispersed particles are favorable
when the speed of nucleation is much higher than that of
the particle growth.

Despite this, no particle collision occurs during the
slow volatilization process, while lithium carbonate still
undergoes obvious agglomeration, indicating that parti-
cle collision is not the main reason for the agglomeration
of lithium carbonate. We use the LaMer model to explain
and discuss its growth and formation mechanism. Fig-
ure 8 illustrates the LaMer model of particle formation,
where all nuclei initially appear instantaneously with a
uniform size X, enabling a mathematical model for
growth. This first theoretical attempt aims to explain how
"monodisperse” particles can form. The preparation of
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Figure 8: LaMer model of particle formation
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particles with one-step oxidation requires nucleation,
growth, coalescence, agglomeration and other processes.
The curve qualitatively shows the variation of soluble
monomer concentration vs time during the whole forma-
tion process. C; is the saturation concentration (solubility
of the soluble monomer). Cyi, is the hypothetical mini-
mum supersaturation for the nucleation; Cy,x is the hypo-
thetical limiting supersaturation. According to the Lamer
model of crystal growth (Figure 8), at stage I, the reac-
tion began to generate Li,CO; solute, which accumu-
lated, without forming a precipitate. At stage II, nucle-
ation occurs when the concentration of the soluble
monomer is higher than the critical supersaturation level
Cmin. As typically observed, Li,COs; increases until the
minimum supersaturation concentration required for nu-
cleation is reached. At this point, nuclei begin to form at
an effectively infinite rate, leading to "burst nucleation".
When the supersaturation concentration is lower than
Chin but higher than Ci, it enters stage III, which is the
crystal growth stage by diffusion. The conditions of wet
synthetic powder materials directly affect the growth of
particles. According to the Gibbs-Wulff crystal equilib-
rium morphology, the growth rates of different crystal
faces in polyhedral structures vary. Different crystal
planes can modify their free energy by selectively incor-
porating matching ions or adsorbing surfactants, thereby
promoting or inhibiting their growth. This process finally
enables control of particle size and structural morphol-

ogy

3.6 Discussion

The above results show the effects of additives and
their dosage, reaction time and reactant ratio on the ex-
perimental products. Now we shall discuss the effects of
another two important reaction conditions, namely tem-
perature and supersaturation, on the crystallization and
growth of lithium carbonate. Thus, we can explore the
controllable preparation conditions for monodisperse
spherical lithium carbonate crystals.

3.6.1 Effect of reaction temperature on the size of
lithium carbonate particles

Firstly, the influence of the chemical reaction temper-
ature on the product conforms to the Arrhenius law,
which is the most important factor affecting the quality
of the product. The lithium precipitation reaction crystal-
lization experiment was designed in a wide temperature
range. Keeping the other reaction conditions constant,
the reaction temperature was (45, 65, 85, and 105) °C.
The crystal grain size was observed and calculated using
SEM; the results are shown in Table 1.

Table 1: Particle size of Li,COj3 particles prepared at different reac-
tion temperatures

Experimental conditions /°C | 45 65 85 105
Average particle size /um 2.0 1.8 1.5 1.6

Materiali in tehnologije / Materials and technology 59 (2025) 2, 207-215
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According to the general trend shown in Table 1, the
particle size of lithium carbonate decreases with the in-
crease in the reaction temperature. And when the reac-
tion temperature is 85 °C, the particle size is the small-
est. This is because lithium carbonate is difficult to
dissolve in water, and as the temperature increases, its
solubility gradually decreases. Therefore, with the in-
crease in the reaction temperature to 85 °C, the precipita-
tion of lithium carbonate is more complete. The smaller
the size of monodisperse spherical particles, the higher
the yield. However, when the reaction temperature ex-
ceeds 85 °C, the particle size decreases again. Therefore,
it is necessary to control the preparation conditions,
maintaining the reaction temperature at about 85 °C. In
the industrial production of lithium carbonate, the reac-
tion temperature should be controlled to produce lithium
carbonate with different crystal grain sizes.

3.6.2 Effect of supersaturation on the morphology and
length-width ratio of lithium carbonate crystals

In order to investigate the effect of supersaturation on
the morphology and aspect ratio of lithium carbonate
crystals, the concept of supersaturation (S = C / Cg) 18
used. In the formula, S is the supersaturation of lithium
carbonate in the solution, C is the concentration of lith-
ium carbonate in the solution (calculated based on the
complete reaction of lithium chloride and sodium car-
bonate), and C is the solubility of lithium carbonate in
water. When 2 < § < 4, lithium carbonate crystals form
agglomerated rod-like crystals, and many smaller crys-
tals are attached to the surfaces of large crystals. These
fine crystals may be grown due to secondary nucleation
on the surfaces of large crystals and are closely con-
nected with the parent particles. The aspect ratio of lith-
ium carbonate crystals follow a more distinct pattern
with changes in temperature and supersaturation. In or-
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Figure 9: Reasonable formation mechanism of Li,CO3 microspheres
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CTABI/LIOH gel

der to reduce the experimental error, the aspect ratio is
obtained by averaging multiple measurements. When
S > 4, it can be found that lithium carbonate agglomer-
ates into spheres at higher supersaturation. With the in-
crease in temperature and supersaturation, the size of
spherical agglomerated particles is smaller and the parti-
cles are better dispersed. Monodisperse lithium carbon-
ate crystals with well-defined morphology were obtained
through instantaneous sampling.

In addition, the impurities in the solution, such as so-
dium chloride, potassium chloride and other impurities
in industrial raw materials, also affect the morphology
and coalescence of lithium carbonate crystals. The above
discussion and analysis show that the preparation of
monodisperse spherical lithium carbonate is very de-
manding in process conditions.

3.6.3 Reasonable formation mechanism for Li,CO,
microspheres

A plausible mechanism for the formation of Li,COs;
microspheres is shown in Figure 9.

After a dropwise addition of a LiCl aqueous solution
into the NaCOs/CTAB solution, a large amount of nega-
tively charged colloidal particles with hydrated Li* as the
compact layer is formed due to the rapid hydrolysis un-
der a strong alkaline environment. At the beginning of
the hydrothermal process, these colloidal particles are
then loosely aggregated due to the surface adsorption of
CTAB, followed by the formation of secondary microm-
eter-sized microspheres. With the increase in the reaction
time, the primary colloidal particles are transformed into
a mixture, but the entire particle structure is not de-
stroyed because of the surface protection provided by
CTAB. Finally, Li,CO; microspheres are obtained by
subsequent calcination, in which CTAB is decomposed
in air.
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4 CONCLUSIONS

Based on the above experiments, we can conclude the
following: First, the feeding ratio of reactants has a great
influence on the morphology and size of the product.
When lithium chloride is excessive, the grain size of lith-
ium carbonate crystals becomes smaller and the number
of lithium carbonate crystals increases, leading to a
higher yield. Second, the reaction time has little effect on
the grain morphology and size of lithium carbonate, but
selecting the appropriate reaction time can reduce the
production costs. Third, the CTAB additive has a signifi-
cant influence on the morphology and size of lithium
carbonate crystals. When the amount of lithium chloride
is appropriate, the original coalescence transforms into
dispersed short rods and finely broken cubes. When the
amount of lithium chloride is excessive, the morphology
of lithium carbonate changes from coalesced short rods
to uniform and dispersed spherical particles. Fourth, the
reaction temperature mainly affects the particle size of
crystallized lithium carbonate. The experiment shows
that with an increase in the reaction temperature, the par-
ticle size of lithium carbonate crystals tends to decrease.
Finally, the optimal experimental conditions for prepar-
ing spherical lithium carbonate are as follows: a reaction
feed ratio of 1.5:1; a reaction time of 9 h; a reaction tem-
perature of 85 °C; and an addition of 1 % of CTAB.
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