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Abstract

The reactive crystallization of lithium carbonate (Li2CO3) from LiCl and Na2CO3 solutions
was studied by Focused Beam Reflectance Measurement (FBRM) to evaluate the effect of
polyacrylic acid (PAA) of different molecular weights (1800, 230,000, and 450,000 g/mol).
In situ monitoring determined nucleation and growth rates, as well as the evolution of fine
(<10 µm) and coarse (50–150 µm) particles. It was observed that maximum velocities occur
in the first few seconds after mixing, decreasing subsequently due to the consumption
of supersaturation. Increasing the initial LiCl concentration intensified nucleation and
growth; however, at 4 M, massive nucleation and attrition predominated, resulting in
an abundance of fines. Li2CO3 spherulites formed under all conditions, becoming more
compact at higher LiCl concentrations. The addition of PAA significantly altered their
size and morphology: the low-molecular-weight polymer inhibited spherulite formation,
while the high-molecular-weight polymers reduced growth and promoted denser and more
compact spherulites. SEM micrographs confirmed these trends, highlighting the role of
PAA molecular weight as a key parameter modulating the kinetics and morphology of
Li2CO3 in reactive crystallization processes.

Keywords: lithium carbonate; polyacrylic acid; FBRM; reactive crystallization

1. Introduction
Lithium carbonate (Li2CO3) is one of the most significant lithium-derived compounds,

with fundamental applications in the manufacture of cathodes for lithium-ion batteries, as
well as in ceramics, adhesives, lubricants, and pharmaceutical products [1–3]. Demand for
Li2CO3 is projected to continue increasing in the coming years, driven primarily by the
expansion of the electric vehicle industry [4]. This growth raises the need to develop more
efficient and reliable production processes.

Lithium resources are classified as primary and secondary [5]. Primary resources
include pegmatites, seawater, continental brines, geothermal brines, brines associated
with oil fields, as well as lithium-containing clays and zeolites [6]. Secondary resources
correspond to artificial deposits, such as disused lithium-ion batteries [7–9]. Due to their
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lower operating costs, brines are currently the primary source of lithium at the industrial
level [10], with Chile being one of the countries with the largest lithium reserves [11].

Obtaining Li2CO3 from brines is primarily accomplished through a precipitation
process, in which lithium carbonate crystallizes from a purified lithium chloride (LiCl)
solution by reacting with sodium carbonate. The precipitated solid is subsequently filtered,
dried, and, in some cases, ground [12,13]. Alternatively, Li2CO3 can also be obtained from
brines rich in lithium sulfate [14].

Several investigations have addressed the reactive crystallization of lithium carbonate.
Sun et al. [15,16] investigated this process using LiCl and Na2CO3 solutions, evaluating
the effects of variables such as temperature, stirring speed, and Na2CO3 feed rate on
Li2CO3 supersaturation, both in systems seeded with Li2CO3 crystals and in unseeded
systems. The authors observed that supersaturation decreased with increasing temperature
and stirring speed, as well as with decreasing Na2CO3 feed rate. They also reported that
supersaturation is reduced by the addition of salts such as NaCl, KCl, NaNO3, and NaBr,
while it increases in the presence of Na2SO4, CH4N2O, NH4Cl, and (NH4)2SO4. For these
studies, they utilized laser measurements and the focused beam reflectance resonance
(FBRM) technique.

Aguilar and Graber [13] used calorimetric methods to determine kinetic parameters of
the reactive crystallization of Li2CO3 from Li2SO4 and Na2CO3. Zhao et al. [17] investigated
the kinetics and mechanisms of nucleation and growth of reactive Li2CO3 crystallization
by measuring induction times as a function of initial supersaturation and temperature,
finding that the nucleation mechanism depends on the initial supersaturation and that the
growth mechanism is mediated by two-dimensional nucleation. In this study, response
surface methodology revealed that solution concentration is the key factor controlling
crystallization yield, while stirring speed primarily affects the size of Li2CO3 particles. Liu
and Azimi [14] investigated the impact of temperature, stirring speed, reactant concentra-
tion, and feed rate on the crystallization of Li2CO3 in a batch reactor, with and without
seeding, followed by CO purification. Their results showed that increasing the initial
reaction concentration and temperature improves Li2CO3 recovery efficiency. However,
crystal seeding, as well as stirring and feed rates, do not significantly influence product
recovery or purity. The purity of Li2CO3 improved at high temperatures and with low
concentration of reagents, achieving a recovery of 90.5% with a purity of 99%.

Chen et al. [18] studied Li2CO3 crystallization kinetics in a CSTR (Continuous Stirred-
Tank Reactor), determining that crystal growth rate depends on supersaturation and that
longer residence times promote crystal growth by lowering supersaturation. Their kinetic
model suggests multidimensional growth, possibly influenced by aggregation phenomena.

Graber et al. [19] studied Li2CO3 crystallization from LiCl brines, finding faster ki-
netics than with Li2SO4. They reported homogeneous nucleation at high supersaturation,
heterogeneous nucleation at low levels, and 2D nucleation-mediated growth. Temperature
and concentration strongly affect crystal size, purity, and yield.

It is worth noting that, in addition to the traditional precipitation route using Na2CO3,
alternatives for carbonation using gaseous CO2 have been explored. Sun et al. obtained
Li2CO3 by gas–liquid crystallization in film reactors and falling-film columns, observing
that parameters such as temperature and the use of ultrasound significantly influence the
obtained particle size [20,21]. Similarly, Liu and Azimi applied CO2 in Li2CO3 purification
steps, as mentioned above [14].

Most studies on Li2CO3 precipitation from LiCl or Li2SO4 with Na2CO3 focus on
process conditions and product performance, but few analyze crystal size and shape. These
features are key to downstream properties and depend on the relative growth of crystal
faces [22]. Additives—particularly polymers—are often used to modulate this growth
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and tailor final properties [23–25]. Polymers influence crystallization by modifying crystal
shape, size, distribution, and purity. They may adsorb selectively on crystal faces, alter
nucleation/growth rates, or act as diffusion barriers. High-molecular-weight polymers
exert more potent effects, promoting agglomeration via bridging, viscosity increase, or
multisite adsorption [26].

Polymers are effective in controlling the crystallization of salts and minerals. Matahwa
et al. [23] showed that PAA influences CaCO3 formation via face-selective adsorption, Ca2+

chelation, and stabilization of metastable phases. Watamura et al. [27] further demon-
strated that PAA affects nucleation, phase selection, size, and morphology, depending on
supersaturation and polymer molecular weight. Additionally, Nicoleau et al. [25] showed
that PAA alters gypsum nucleation by forming complexes with Ca2+, reducing effective
supersaturation, and delaying nucleation. Its adsorption onto prenuclear clusters blocks
active growth sites, inhibiting homogeneous nucleation. Overall, PAA acts through mul-
tiple mechanisms—complexation, face-selective adsorption, and secondary nucleation
inhibition—making it a versatile tool for controlling crystal properties.

Several authors have explored additive effects on Li2CO3 crystallization. Watamura
et al. [27,28] found that polyacrylic acid (PAA) promotes the formation of elongated crystals
with reduced agglomeration, while polyacrylamide (PAM) favors the formation of platelets.
Taborga et al. [29] reported that polyethylene amine (PEI), polyethylene glycol (PEG), and
poly(4-styrenesulfonic acid) (P4SA) increase crystal length, sodium dodecyl sulfate (SDS) re-
duces it, sodium dodecyl benzenesulfonate (SFBS) induces acicular morphologies, and PAA
favors spherulite formation. Although all additives modify morphology, none alter Li2CO3

crystal structure. Differences between studies may stem from process conditions and PAA
molecular weight. Yang et al. [30] showed that sodium hexametaphosphate (SHMP) pro-
motes precursor-based agglomeration and inhibits secondary nucleation, increasing branch-
ing. Wang et al. [31] Also, SHMP and sodium tripolyphosphate (STPP) induce spherulitic
growth via distinct core–shell pathways, depending on the level of supersaturation.

A particularly relevant aspect in crystallization studies is online process monitoring.
The Focused Beam Reflectance Measurement (FBRM) technique enables real-time track-
ing of chord length distribution (CLD) and particle counts by detecting laser reflections
from suspended solids. Widely applied in crystallization, FBRM allows monitoring of
nucleation, growth, and size evolution, with CLD correlating statistically with particle size
distribution (CSD) [32–34].

In one of the first studies, Tadayyon and Rohani [35] proposed a strategy to moni-
tor size distribution in a KCl crystallizer by combining a turbidity sensor with an FBRM
probe. Later, Kougoulos et al. [36] integrated FBRM into a continuous Mixed Suspension
Mixed Product Removal (MSMPR) crystallizer, demonstrating that this technique enables
monitoring of the steady-state size distribution and even the estimation of crystalliza-
tion parameters. Since then, numerous studies have employed FBRM to monitor particle
evolution in real time, identifying nucleation, growth, agglomeration, and breakage phe-
nomena [37–43]. It is important to note that the FBRM probe measures chord lengths and
not directly the physical diameters of particles. However, calibrations performed by Heath
et al. [44] demonstrated that the weighted mean square of the CLD can approximate the
average particle size obtained by traditional methods over typical crystallization ranges.

FBRM has also been coupled with population balance models and moment analysis.
Trifkovic et al. [45] estimated secondary nucleation rates from the slope of particle counts
over time. Albis et al. [33] combined supersaturation profiles with FBRM data during
K2SO4 crystallization and applied a population balance model to extract kinetic parameters.
They proposed that the zero-order moment approximates the true particle number, while
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noting limitations in converting CLD to CSD. These studies highlight FBRM’s value for
estimating nucleation and growth rates from real-time measurements.

To the authors’ knowledge, no studies have used FBRM to analyze Li2CO3 crys-
tallization with additives, particularly to distinguish kinetic behavior between fine and
coarse particles. Likewise, the link between chord length distribution (CLD) evolution and
crystallization kinetics remains unexplored. While PAA has been proposed to influence
morphology and delay nucleation, the specific impact of its molecular weight on Li2CO3

crystallization remains unclear. This study addresses this gap by examining reactive crys-
tallization from LiCl and Na2CO3 solutions at varying initial concentrations, using FBRM
to assess how different PAA molecular weights affect crystal size, morphology, and kinetic
profiles. These insights may support the design of more efficient precipitation steps for
producing Li2CO3 with properties tailored to battery applications.

2. Materials and Methods
2.1. Materials

All reagents used were commercially available and of analytical grade: lithium chlo-
ride (≥99%, Winkler), sodium carbonate (≥99%, Loba Chemie PVT. Ltd., Bombay, India),
and polyacrylic acid (PAA) with different molecular weights (P1: Mw 1800; P2: Mw 230,000;
P3: Mw 450,000; Aldrich, Taufkirchen, Germany). These extreme molecular weights were
intentionally selected to accentuate the differences in the polymer’s effect on crystallization.
All solutions were prepared using deionized water.

2.2. Solution Preparation and Precipitation Tests

Li2CO3 crystallization was conducted in a 300 mL batch reactor at 65 ◦C, a temperature
representative of industrial conditions. Stirring was maintained at 300 rpm to limit agglom-
erate breakage and minimize secondary nucleation by fragmentation. This setup enabled
more precise observation of crystal growth dynamics using FBRM without significant
interference from mechanical disruption.

In each test, 100 mL of LiCl solutions at initial concentrations of 2, 3, and 4 M was
added to the reactor, followed by the addition of the additive at the corresponding dosage
(see Table 1). Once the mixture temperature was stabilized, 100 mL of sodium carbonate
solutions at concentrations of 1, 1.5, and 2 M, respectively, were rapidly added (in less than
5 s). This addition caused a temporary temperature drop of the mixture to approximately
45 ◦C, which returned to 65 ◦C within about 2 min due to the reactor’s thermostatic control.
A rapid addition was chosen to generate a high supersaturation peak and thereby capture
the initial massive nucleation event.

Table 1. Reagent concentration and additive dosage (additive dosage fixed at 25 mg L−1 is per
volume of lithium chloride solution).

[LiCl]0
(mol/L)

[Na2CO3]0
(mol/L)

No
Additive

PAA
(Mw 1800)

PAA
(Mw 230,000)

PAA
(Mw 450,000)

2.0 1.0 Test 1 Test 4 Test 7 Test 10
3.0 1.5 Test 2 Test 5 Test 8 Test 11
4.0 2.0 Test 3 Test 6 Test 9 Test 12

Crystallization was carried out for 1 h under controlled stirring and temperature
conditions, with real-time monitoring via FBRM to track the system’s evolution. Crystals
were recovered by vacuum filtration, dried at 60 ◦C, and characterized. Each test was
duplicated, showing consistent trends. For presentation purposes, the graphs include a
representative experiment; however, a 5-period moving average was applied to smooth
out experimental noise and highlight the overall trend.
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2.3. Data Analysis

Online monitoring was performed using a Particle Track S400A FBRM® probe (Mettler
Toledo, Giessen, Germany) equipped with focused beam reflectance technology. The probe
was inserted directly into the reactor, 2 cm from the bottom, avoiding interference with the
impeller. CLD data was recorded every 2 s.

For analysis, particles with chord lengths < 10 µm were classified as fines (f), and those
between 50 and 150 µm as coarse (c). These thresholds distinguish newly formed nuclei
from growing crystals, consistent with the CLDs, which exhibit characteristic peaks at or
above 10 µm and 50 µm.

The induction time was operationally defined as the interval between reagent mixing
and the detection of an abrupt increase in particle count by the FBRM probe, indicating the
onset of nucleation.

It should be noted that the CLD obtained by FBRM does not precisely correspond
to the particle size distribution (PSD), as it measures optical chord lengths affected by
particle shape and orientation. However, since all particles in this study exhibited similar
spherulitic morphologies, the CLD accurately reflected size changes. This was supported by
SEM images, which confirmed agreement in the fine/coarse particle proportions. Therefore,
FBRM data provided reliable insights into both kinetic and morphological trends.

2.4. Characterization

The obtained Li2CO3 crystals were separated by filtration under reduced pressure and
dried in a desiccator for 24 h. They were subsequently observed using optical microscopy
and characterized by scanning electron microscopy (SEM) on a JEOL JSM-6360 LV instru-
ment (JEOL Ltd., Tokyo, Japan). X-ray diffraction (XRD) patterns were collected using a
Siemens D-5000 diffractometer equipped with a monochromator and Cu Kα1 radiation
(λ = 0.15406 nm). All measurements were performed at room temperature.

3. Results
3.1. Effect of Initial LiCl Concentration on Crystal Shape and Size in the Absence of Additives

Figure 1 presents the time evolution of fine (f, <10 µm) and coarse (c, 50–150 µm)
Li2CO3 particles detected by FBRM during crystallization from 2, 3, and 4 M LiCl so-
lutions without additives. All cases show an initial surge in fines due to supersatu-
ration, followed by a decline and a rise in coarse particles, indicating crystal growth
and aggregation. At 2 and 3 M (Figure 1a,b), fines decrease steadily while coarse particles
grow. At 4 M (Figure 1c), fines reappear in the later stages, likely due to attrition or
secondary nucleation.

These results indicate that a higher LiCl concentration favors the initial formation
of excess fine particles, limiting the sustained growth of coarse particles. The increase in
the number of coarse particles reflects both individual crystal growth and the formation
of aggregates. Under very high supersaturation conditions (4 M), competitive growth
and attrition processes explain the coexistence of many fines with a significant fraction of
coarse particles.

Figure 2 shows the temporal evolution of the fine-to-coarse particle ratio (f/c) for
different initial LiCl concentrations, as a measure of the balance between nucleation and
growth. At 2 M, f/c remains close to 1, indicating limited nucleation followed by pre-
dominant growth of a few crystals. At 3 M, f/c starts at a higher value (>1) due to more
intense nucleation, but gradually decreases to ~1 as many of these nuclei grow into coarse
particles. At 4 M, however, f/c reaches much higher values from the beginning and remains
elevated, reflecting the massive generation of fines and their persistence through contin-
ued nucleation/attrition, without the dominance toward coarse particles being reversed.
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These results demonstrate that a higher initial supersaturation tilts the process toward
abundant nucleation (many small crystals). In contrast, moderate supersaturation favors
the sustained growth of a few crystals (a few large ones).
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Figure 1. Count of chord length of lithium carbonate crystals obtained for different initial LiCl
concentrations. (a) 2 M, (b) 3 M, (c) 4 M. f: fines and c: coarses. Curves are presented on a semi-
logarithmic scale to appreciate the first moments better.
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Figure 2. Ratio of fine to coarse particles at different initial lithium carbonate concentrations. Curves
are presented on a semi-logarithmic scale to understand the initial moments better.

Figure 3 shows the evolution of the squared weighted mean size (MSW) for initial LiCl
concentrations of 2, 3, and 4 M. In all cases, MSW rises sharply at early times, indicating
rapid crystal growth after mixing. At 2 M, MSW continues increasing up to ~11 min,
although coarse particles keep accumulating until 24 min (see Figure 1), suggesting a
gradual stabilization of their influence on the mean. In contrast, MSW plateaus more
quickly at 3 M and 4 M, with a higher value at 4 M. This is attributed to the presence of
abundant ultrafine particles (~1–2 µm), which reduce the impact of intermediate sizes and
amplify the relative contribution of coarse crystals to the weighted mean.
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Figure 3. Time evolution of the mean square-weighted chord length (MSW) of lithium carbonate
crystals at different initial LiCl concentrations. Curves are presented on a semi-logarithmic scale to
appreciate the initial moments better.

In the data obtained using the FBRM probe, two metrics are particularly relevant:
the square-weighted mean chord length distribution (MSW) and the unweighted median
(MNW). Their ratio (MSW/MNW) characterizes the shape of the size distribution and
reveals tails skewed toward coarse particles. Values well above 1 indicate that a few large
crystals or aggregates dominate the weighted mean, resulting in asymmetric or bimodal
profiles. Conversely, values near 1 suggest a homogeneous distribution, consistent with
uniform growth and the absence of atypical large particles.

In accordance with the above, Figure 4 shows that the MSW/MNW ratio was close
to 1 under 2 M LiCl conditions, reflecting a narrow and homogeneous size distribution.
At 3 M, MSW/MNW reached higher values (6–8 initially), indicating the presence of
some crystals much larger than the population median. Finally, at 4 M, the MSW/MNW
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ratio reached its highest values (>10), confirming a strongly skewed distribution where
numerous tiny crystals coexist with a few large ones. In this extreme case, although the
majority are fine, the MSW is dominated by bulky, isolated crystals, resulting in a high
MSW/MNW ratio. Taken together, these trends indicate that size uniformity decreases
drastically with increasing supersaturation: low supersaturations produce crystals of more
uniform size, whereas high supersaturations lead to bimodal or polydisperse populations
consisting of fine and coarse crystals.
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Figure 4. Ratio between the mean square-weighted chord length and the median no-weighted chord
length of lithium carbonate crystals obtained at different initial LiCl concentrations, determined by
FBRM. Curves are presented on a semi-logarithmic scale to understand the initial moments better.

Figure 5 shows the temporal evolution of the unweighted and square-weighted chord
length distributions (CLDs) for initial 2, 3, and 4 M LiCl solutions, recorded at 1, 10, 30,
and 60 min.

At 2 M, the initial unweighted CLD is bimodal, with a small fines peak (<10 µm) and
a dominant one near 100 µm, indicating early coexistence of small and large crystals. The
low fines fraction suggests limited primary nucleation and dominant growth. Over time,
the distribution becomes unimodal and shifts to larger sizes, reflecting growth and possible
aggregation. In the square-weighted CLD, curves narrow and shift rightward, confirming
growth- and aggregation-driven evolution with no significant secondary nucleation.

At 3 M, unweighted CLDs are bimodal from the start, with peaks around 10 µm
(fines) and 100 µm (coarse). Higher initial supersaturation generates more fines than at
2 M, though large crystals persist, showing competition between nucleation and growth.
Over time, the fines decrease while the coarse crystals increase, indicating the growth
of small crystals. In the square-weighted CLD, coarse particles progressively dominate,
with marginal fines. At 60 min, a slight left tail remains, but large crystals clearly prevail.
Crystallization at 3 M involves more intense initial nucleation than at 2 M, followed by
sustained growth and no evidence of attrition.

At 4 M, extreme supersaturation triggers intense primary nucleation, yielding abun-
dant fines (2–3 µm) and few coarse crystals. The unweighted CLD shows a dominance of
fines, while the square-weighted CLD indicates that coarse particles still set the average.
Over time, coarse crystals increase, and ultrafine (<3 µm) particles emerge, suggesting
attrition due to high solids and agitation, which explains the late spike in fines. Despite
this, coarse particles remain dominant, though a slight drop between 30 and 60 min reflects
attrition effects.

Overall, Figure 5 illustrates how the evolution of CLD reflects the effect of initial
supersaturation on crystallization mechanisms. At 2 M, controlled and sustained growth
predominates. At 3 M, a combination of intense initial nucleation followed by uniform
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growth is observed. At 4 M, the process is characterized by massive nucleation, partial
growth, and attrition, resulting in the coexistence of extreme populations of fines and
coarse particles.
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Figure 5. Chord length distribution (CLD) of lithium carbonate crystals at different times and initial
LiCl concentrations, measured with an FBRM probe. (a) No-weighted, 2 M initial LiCl, (b) No-
weighted, 3 M initial LiCl, (c) No-weighted, 4 M initial LiCl, (d) Square weighted, 2 M initial LiCl,
(e) Square weighted, 3 M initial LiCl, (f) Square weighted, 4 M initial LiCl.

3.2. Nucleation and Crystallization Growth Rates of Lithium Carbonate

The modal or mean value of the square-weighted chord length (MSW) is comparable
to conventional particle sizing methods within the 50–400 µm range, as reported by Heath
et al. [44]. Based on this, population density can be estimated and used in crystallization
kinetic studies from CLD data, moments of order j (µj) [45]. However, the FBRM probe
includes these moments directly, enabling real-time analysis. By applying the population
balance equation, it is possible to formulate ordinary differential equations that allow for
determining both nucleation and growth rates, as well as suspension density, as a function
of time. To achieve this, the conversion of CLD data to squared weighted chord lengths
is considered.
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The nucleation rate (B) is estimated from the 0th order moment 0 (µ0) obtained after
the CLD conversion, according to the following expression [46]:

dµ0

dt
= B (1)

The crystal growth rate (G) is determined from moments 0 and 1, according to the
following equation:

1
µ0

dµ1

dt
= G (2)

where µ1 corresponds to the moment of order 1.
Thus, using the real-time values of µ0 and µ1 by the FBRM, Equations (1) and (2) yield

B(t) and G(t) throughout the experiment, reflecting the emergence of new particles and
the average size increase, respectively. It should be noted that these rates correspond to
apparent magnitudes based on particle counts and chord lengths (rather than the absolute
number of crystals or the linear growth rate of specific crystal faces). Still, they are highly
valuable for comparative kinetic analysis under varying conditions.

Figure 6 shows the Li2CO3 nucleation and growth rates at 2 M LiCl, calculated using
Equations (1) and (2), with 2-s intervals and FBRM-derived moments. At 2 M, maxi-
mum rates reached ~30,000 counts/min (nucleation) and ~750 µm/min (growth), both
around 10 s, reflecting very rapid kinetics. As summarized in Table 2, these values in-
crease with LiCl concentration: ~60,000 counts/min and ~1500 µm/min at 3 M, and over
~100,000 counts/min and ~3000 µm/min at 4 M. Furthermore, it is observed that these
rates are reached almost immediately upon mixing the solutions, in contrast to more dilute
conditions, where growth is prolonged and crystals have more time to develop.
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Figure 6. Nucleation and growth rates of Li2CO3 for an initial LiCl concentration of 2 M: (a) nucleation
rate, (b) growth rate.

Table 2. Maximum nucleation and growth rates of lithium carbonate for different initial lithium
chloride concentrations.

Experiment Bmax, [Counts/min] Gmax, [µm/min]

Initial LiCl concentration of 2 M 3.00 × 104 7.50 × 102

Initial LiCl concentration of 3 M 6.73 × 105 2.97 × 105

Initial LiCl concentration of 4 M 9.67 × 105 1.36 × 106

According to classical nucleation theory (CNT), higher supersaturation lowers the
energy barrier and promotes primary nucleation [47]. Consequently, concentrated systems
yield many small nuclei, while low supersaturation favors the growth of fewer crystals.
Growth rate also depends on supersaturation. In the case of Li2CO3 in aqueous solution, the
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growth rate has been reported to be proportional to the square of the supersaturation [18].
Therefore, high supersaturation leads to rapid growth, whereas milder conditions result in
fewer but larger crystals. A similar trend has been reported for CaCO3 [48].

Under all conditions, nucleation and growth rates peak early and then decline to-
ward zero. This results from the supersaturation pulse generated by mixing LiCl and
Na2CO3, driving the system into the unstable region with rapid primary nucleation, par-
ticularly at 4 M. As supersaturation is consumed by initial nucleation and growth, the
system shifts to the metastable zone, where crystal growth prevails and, occasionally,
secondary nucleation.

This trend has been confirmed in other reactive systems. Real-time FBRM data show
that, after mixing, fine particle counts rise sharply and then stabilize or decrease as super-
saturation drops. For Li2CO3, Han et al. [49] reported that, under high supersaturation,
the count of particles <10 µm increased within 2.8 min, whereas in dilute systems, this
occurred at 5.1 min, indicating slower nucleation. Afterwards, counts of small and medium
particles plateaued, reflecting that nucleation and growth are strongest in the early stages.

Although the dominant pattern is a monotonous decrease in velocities after the initial
maximum, Figure 6 also shows small secondary oscillations or spikes. These fluctuations
can be attributed to various phenomena:

(i) Mechanically induced secondary nucleation, resulting from collisions between parti-
cles, the impeller, or the reactor walls, which generate microscopic fragments capable
of acting as new nuclei [50].

(ii) Localized dissolution of very small or unstable crystals, followed by recrystallization
on lower-energy surfaces, temporarily increases the particle count.

(iii) External perturbations, such as variations in stirring speed, impurities, or thermal
fluctuations, transiently alter the supersaturation and trigger additional nucleation or
breakage events.

The findings are consistent with the principles of classical nucleation and growth
theory, which state that higher initial supersaturation leads to faster and more abundant
nucleation, resulting in numerous small crystals, as discussed in Section 3.1. In contrast,
lower supersaturation results in slower and more limited nucleation, allowing for the
sustained growth of fewer crystals. Indeed, at high concentration (4 M), the low nucleation
barrier triggered the rapid formation of numerous tiny nuclei, quickly depleting the solute
and leaving little material for subsequent growth. Conversely, at a lower concentration
(2 M), nucleation was less intense, and supersaturation was primarily consumed through
extended crystal growth, resulting in larger particles. This inverse relationship between
crystal number and size as a function of supersaturation is a well-established principle in
crystallization and is clearly validated in the Li2CO3 system studied.

3.3. Effect of the Presence of Additives on the Reactive Crystallization of Lithium Carbonate

Classical nucleation theory (CNT) predicts a linear relationship between the logarithm
of induction time and the inverse of the logarithm of squared relative supersaturation when
stable nuclei govern the process [51]. High supersaturation promotes homogeneous nu-
cleation, while low supersaturation favors heterogeneous mechanisms—trends confirmed
for Li2CO3 by Zhao et al. [17] and Graber et al. [19]. In this study, tests at 65 and 70 ◦C
with varying LiCl concentrations align with CNT (Figure 7). However, adding polyacrylic
acid (Mw 230,000 g/mol) at 65 ◦C led to deviations, suggesting a modified nucleation
mechanism, which is consistent with the findings of McDonald et al. [52].
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Figure 7. Plot of log(tind) versus (logS)−2 for Li2CO3 crystallization.

3.4. Effect of Additives on Size and Size Distribution

Polyacrylic acid (PAA) additives affect both crystal morphology and Li2CO3 nucle-
ation/growth kinetics, depending on their molecular weight. PAA can act by selectively
adsorbing onto crystal faces, complexing solution ions, and altering particle agglomera-
tion, with the extent of each mechanism linked to polymer chain length [26]. This section
analyzes the influence of three PAA molecular weights (P1: 1800 Da; P2: 230,000 Da; P3:
450,000 Da on the reactive crystallization of Li2CO3 from LiCl and Na2CO3 at varying con-
centrations. The study examines their effect on (i) fine particle count (< 10 mm), (ii) coarse
particle count (50–150 mm), (iii) fines/coarse ratio, (iv) squared weighted mean size (MSW),
(v) MSW/MNW ratio, (vi) unweighted chord length distribution (CLD) and (vii) squared
weighted CLD.

Figure 8 shows the number of Li2CO3 fines (≤10 µm) measured by FBRM in the
presence of PAA with different molecular weights. The additive has a significant effect
on fine formation under all conditions. At 2 M, P1 (1800 Da) and P2 (230,000 Da) increase
the fine count compared to the additive-free case, while P3 (450,000 Da) keeps it low. A
similar pattern is observed at 3 M. In contrast, at 4 M, fine counts drop, with P2 and P3
showing the strongest inhibition. The increase in fines with P1 and P2 suggests enhanced
nucleation or stabilization of small nuclei. Conversely, P3 (and P2 at 4 M) appears to exert
stronger inhibition, likely due to more effective adsorption on active crystal faces, which
limits nucleation and reduces fine populations.

Figure 9 shows the evolution of coarse crystals (50–150 µm) in the presence of PAA
with different molecular weights. The additive’s effect varies with LiCl concentration.
At 2 M, the coarse count drops from ~1200 (no additive) to <200 with any PAA, with P2
showing the strongest inhibition. At 3 M, P1 causes the greatest initial reduction, but
the count rises over time, suggesting delayed growth. In contrast, P3 steadily decreases
from ~500 to ~200. At 4 M, the trend reverses: all additives increase coarse counts, with
P3 yielding the highest values during most of the test. This suggests that under high
supersaturation, PAA may promote agglomeration or secondary growth rather than inhibit
crystal development.
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Figure 8. Chord length counts of lithium carbonate crystals ≤ 10 µm at different initial lithium
chloride concentrations in the presence of polyacrylic acid: (a) 2 M, (b) 3 M, (c) 4 M. (P1, P2, and P3
correspond to polyacrylic acid with molecular weights of 1800, 230,000, and 450,000 Da, respectively).



Inorganics 2025, 13, 377 14 of 27

0

200

400

600

800

1000

1200

1400

1600

1800

0.1 1 10

# 
Co

un
ts

, g

Time, minutes

(a)No additive
P1
P2
P3

0

1000

2000

3000

4000

5000

6000

0.1 1 10

# 
Co

un
ts

, g

Time, minutes

(b)No additive
P1
P2
P3

Figure 9. Chord length counts of coarse lithium carbonate crystals (50–150 µm) at different
initial lithium chloride concentrations in the presence of polyacrylic acid: (a) 2 M, (b) 3 M,
(c) 4 M. (P1, P2, and P3 correspond to polyacrylic acid with molecular weights of 1800, 230,000,
and 450,000 Da, respectively).

Figure 10 presents the evolution of the fine-to-coarse particle ratio (f/c), defined as
the number of particles ≤10 µm over those between 50 and 150 µm, in the presence of
polyacrylic acid (PAA) of varying molecular weights and initial LiCl concentrations. This
metric captures the balance between nucleation and growth, highlighting the regulatory
role of PAA.
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Figure 10. Ratio of fine (≤10 mm) to coarse (50–150 mm) lithium carbonate crystals at different initial
LiCl concentrations and in the presence of polyacrylic acid. (a) 2 M, (b) 3 M, (c) 4 M. (P1, P2, and P3
correspond to polyacrylic acid with molecular weights of 1800, 230,000, and 450,000 Da, respectively).
The arrow indicates that the P2 curve is plotted on the right-hand y-axis.

At 2 M, additives notably increase the f/c ratio, with P2 (Mw 230,000) showing the
highest effect—up to 200-fold—alongside a rising trend, indicating sustained fine particle
accumulation. P1 also raises the ratio, while P3 maintains values near the reference,
suggesting dominance of coarse particles. At 3 M, P1 shows the highest f/c ratio but
with a declining trend, consistent with fines transitioning to larger sizes. P2 and P3 show
lower ratios, indicating relatively fewer fines. At 4 M, the trend reverses: f/c decreases
with all additives, pointing to suppressed nucleation and a shift toward coarse particle
formation via growth or agglomeration. Overall, the effect of PAA on f/c depends on both
the polymer’s molecular weight and the system’s supersaturation.
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It is confirmed that the effect of PAA on the fine/coarse particle ratio depends on
both the molecular weight of the polymer and the initial supersaturation of the system.
At low and moderate concentrations (2–3 M), the additives—especially P1 and P2—tend
to stabilize the fine particles. In comparison, at high concentrations (4 M), PAA favors
the formation of coarse particles, significantly altering the balance between nucleation
and growth.

Figure 11 displays the evolution of the squared weighted mean size (MSW), the
MSW/MNW ratio, and chord length distributions (CLD) of Li2CO3 crystals from 2 M LiCl
solutions with PAA of varying molecular weights, all on a semi-logarithmic scale. Initially,
crystal growth occurs under all conditions. Without additives, MSW gradually increases,
while in the presence of PAA—particularly P1 and P2—it decreases over time, suggesting
inhibition of large particle growth or morphological restructuring.
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Figure 11. Length and chord length distribution of lithium carbonate crystals obtained from LiCl so-
lution with an initial concentration of 2 M: (a) mean squared-weighted chord length, (b) MSW/MNW
ratio, (c) no-weighted chord length distribution, (d) squared-weighted chord length distribu-
tion. (P1, P2, and P3 correspond to polyacrylic acid with molecular weights of 1800, 230,000,
and 450,000 Da, respectively).

The MSW/MNW ratio indicates size uniformity; values near 1 reflect homogeneity,
while high values suggest large particles dominate the volume average. With P2, the ratio
peaks early and declines to ~6, suggesting reduced coarse particle dominance. With P1,
it rises to ~12, implying increasing but heterogeneous coarse contributions. Unweighted
CLD shows more fines with P1 and P2, while the additive-free condition exhibits more
coarse particles. The squared-weighted CLD confirms this; the additive-free curve shifts
rightward, P3’s is narrower and left-shifted, and P1 and P2 display broader profiles, with
fewer coarse particles and a left tail in P1 indicating additional fines.

Figure 12 presents the evolution of the squared weighted mean size (MSW),
MSW/MNW ratio, and chord length distributions (CLD) for Li2CO3 crystals formed
at 3 M LiCl with various PAA molecular weights, in semi-logarithmic scale. By the end,
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the additive-free condition yields a slightly higher MSW. However, with P2 and P3, the
size stabilizes earlier and is initially larger than without additives. For P2, MSW declines
after the first minute, indicating rapid early growth followed by reorganization or surface
adsorption. In contrast, P1 shows delayed stabilization (~25 min), reflecting slower but
more sustained growth.
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Figure 12. Length and chord length distribution of lithium carbonate crystals obtained from LiCl so-
lution with an initial concentration of 3 M: (a) mean squared-weighted chord length, (b) MSW/MNW
ratio, (c) no-weighted chord length distribution, (d) squared-weighted chord length distribu-
tion. (P1, P2, and P3 correspond to polyacrylic acid with molecular weights of 1800, 230,000,
and 450,000 Da, respectively).

The MSW/MNW ratio exhibits distinct trends. Without additives, the ratio decreases,
suggesting an increase in the median (MNW) due to the gradual addition of coarse crystals,
which is consistent with the particle counts. With P1, the ratio increases steadily, reflecting
the higher fines content seen in the CLD. In contrast, P2 and P3 show a decline in the
final 10 min, indicating a growing intermediate fraction and reduced dominance of coarse
particles. The unweighted CLD is bimodal, with P1 exhibiting more fines and fewer coarse
particles, whereas the additive-free case is skewed toward coarser sizes. The weighted
CLD confirms this, with P1 showing a strong tail toward smaller sizes and lower coarse
particle frequency.

Figure 13 presents the evolution of the squared weighted mean size (MSW), the
MSW/MNW ratio, and the chord length distributions (CLD) of Li2CO3 crystals from 4 M
LiCl solutions with polyacrylic acid (PAA) of varying molecular weights. Without additives,
MSW increases steadily during the first 10 min and stabilizes around 90 µm, indicating
sustained growth. With PAA, MSW rises sharply at the beginning but then decreases in all
cases, revealing a distinct behavior. P2 yields larger crystals than the additive-free condition,
while P3 results in smaller sizes, confirming a molecular weight-dependent modulation.
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Figure 13. Length and chord length distribution of lithium carbonate crystals obtained from LiCl so-
lution with an initial concentration of 4 M: (a) mean squared-weighted chord length, (b) MSW/MNW
ratio, (c) no-weighted chord length distribution, (d) squared-weighted chord length distribu-
tion. (P1, P2, and P3 correspond to polyacrylic acid with molecular weights of 1800, 230,000,
and 450,000 Da, respectively).

The MSW/MNW curves support these findings. In the absence of additives, the ratio
reaches high values despite the presence of fines, as these are extremely small (peak < 3 µm),
causing coarse crystals to dominate the volume average. With PAA, the ratio decreases
significantly, indicating more uniform distributions. Notably, P1 starts around 5 and drops
to ~2, reflecting a decline in fines and consolidation of coarse crystals. The unweighted
CLDs with additives exhibit attenuated bimodality, with a higher relative share of coarse
particles and reduced fines, particularly with P2. The squared weighted CLDs confirm
this trend, indicating a dominance of coarse particles in all cases. In P3, the peak shifts
slightly left with a lower share of coarse particles, while the additive-free condition shows
a right-shifted peak and a leftward tail, indicating coexistence of fines.

The progressive MSW decline observed with PAA, despite no major increase in fines
or a sharp decrease in coarse particles, suggests it is not due to explosive nucleation or
attrition, but rather to morphological reorganization and aggregate compaction. Branched
initial structures yield high chord lengths that decrease as they evolve into more compact
forms, reducing FBRM-measured average size. This behavior mirrors that described by
Leyssens et al. [38] for needle-like particles, where initial growth was followed by a drop
attributed to shape redistribution without secondary nucleation.

Watamura et al. [28] showed that PAA can bind selectively to Li2CO3 crystal faces,
altering habit and reducing agglomeration, while allowing accelerated growth along other
axes. Yang et al. [30] proposed that early “lump” signals from FBRM may represent precur-
sor aggregates that later reorganize or partially dissolve, lowering average size without
significantly changing particle count. This aligns with studies showing that polymers can
stabilize prenucleation species or nascent nuclei [24,25,53]. Teychené et al. [54] further
noted that additive effects depend on kinetic stage, mixing, and supersaturation dynamics,
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which could explain why PAA promotes early formation of large crystals but restricts
later expansion.

The addition of polyacrylic acid (PAA) significantly alters Li2CO3 crystallization,
influencing average size, particle distribution, and nucleation/growth dynamics. At 2 M
and 3 M LiCl, PAA promotes fines by selectively adsorbing on active faces and stabilizing
nuclei, slowing crystal growth. At 4 M, under extreme supersaturation, the system without
additives exhibits massive nucleation and attrition, resulting in the production of abundant
fines. In contrast, PAA, despite partial chain collapse due to ionic strength, continues to
inhibit secondary nucleation, promoting the consolidation of coarse particles. However,
the average size may decrease due to morphological compaction.

PAA’s effectiveness depends on its molecular weight. Long chains with dense car-
boxylate groups strongly adsorb on crystal surfaces, blocking growth sites and enhancing
inhibition [26]. Short chains show weaker and less persistent adsorption. In Li2CO3, high-
molecular-weight PAA promotes elongated crystals, whereas low-molecular-weight forms
induce tabular habits [27,28]. Similar findings in CaCO3 show increased inhibition with
molecular weight until saturation is reached [55].

PAA also interferes with nucleation via:

(i) Ion complexation, which raises interfacial energy and nucleation barriers [24–28].
(ii) Stabilization of amorphous nuclei: Long-chain PAA can stabilize amorphous phases,

such as calcium carbonate nanoparticles, either within hydrogels [56] or in oriented
aggregation of nanoclusters instead of ion-to-ion growth [57]. In Li2CO3, this implies
the presence of polymer-bound amorphous precursors requiring more time or specific
conditions to crystallize, explaining the longer induction times [24,25,58,59].

(iii) Increase in heterogeneous or secondary nuclei: Although dissolved, long-chain PAA
can form microaggregates that serve as nucleation surfaces. In CaCO3, high-molecular-
weight PAA increases nucleation sites for amorphous phases [60], consistent with the
rise in fines observed for P2 at 2 M LiCl, where numerous small amorphous nuclei
crystallize nearly simultaneously [24,25,27,28,53].

The molecular weight of PAA governs its crystallization effect. Short-chain adsorbents
adsorb weakly and primarily act as dispersants, with minimal influence on nucleation
or growth. In contrast, long chains, with a higher carboxylate density, strongly anchor
to nuclei and crystal faces, stabilize subcritical precursors, and block active sites. Thus,
high-molecular-weight PAA functions as a kinetic inhibitor, reducing both the number and
size of crystals by limiting growth and promoting more fragmented morphologies.

3.5. Effect of Additives on the Nucleation and Crystallization Growth Rates of Lithium Carbonate

Table 3 summarizes the maximum nucleation (Bmax) and growth (Gmax) rates of Li2CO3

for initial LiCl concentrations of 2, 3, and 4 M, with and without polyacrylic acid (PAA) of
different molecular weights (P1, P2, and P3), based on CLD moments from the FBRM probe.
At 2 M, Bmax is reduced by about one order of magnitude with PAA, while Gmax remains
comparable. At 3 M, both Bmax and Gmax are of the same order of magnitude across all
conditions, indicating that the additives do not significantly alter the initial kinetics. At 4 M,
Bmax shows a slight reduction with PAA, whereas Gmax decreases markedly with increasing
polymer molecular weight, from 106 µm/min without additive to 10 with P3, confirming
strong growth inhibition.

These results confirm that, under high supersaturation (4 M), higher molecular weight
polymers (P2 and P3) exert the strongest inhibitory effect on crystal growth, consistent
with face-selective PAA adsorption and reduced agglomeration previously reported for
Li2CO3 [28]. Conversely, the observed decrease in Bmax at 2 and 4 M may result from
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cation sequestration, local supersaturation modulation, and/or stabilization of amorphous
precursors that delay effective nucleation [25,58].

Table 3. Maximum nucleation rate (Bmax) and growth rate (Gmax) of lithium carbonate at different
initial lithium chloride concentrations. Units: Bmax in [counts/min], Gmax in [µm/min].

2 M Initial LiCl 3 M Initial LiCl 4 M Initial LiCl

Bmax Gmax Bmax Gmax Bmax Gmax

No additive 3.00 × 104 7.50 × 102 6.73 × 105 2.97 × 105 9.67 × 105 1.36 × 106

P1 1.04 × 103 1.34 × 103 7.49 × 105 6.66 × 105 6.40 × 105 1.04 × 104

P2 8.65 × 103 8.74 × 102 7.68 × 105 1.04 × 105 6.42 × 105 9.03 × 102

P3 5.47 × 103 8.26 × 102 6.68 × 105 4.72 × 103 4.87 × 105 6.64 × 101

The kinetic profile, characterized by an initial peak followed by a rapid decline, reflects
the supersaturation pulse and its rapid depletion, coupled with polymer-induced inhibition
of surface kinetics. Similar trends have been observed in cooling crystallization and in
systems with needle-like crystals, where statistical CLD analysis via FBRM distinguishes
stages of rapid nucleation, early growth, and slower maturation [38].

The fact that the highest molecular weight PAA (P3) reduces the crystal growth rate
even under elevated supersaturation suggests a strong polymer–crystal interaction. Long
chains bearing numerous –COO− groups can simultaneously adsorb onto multiple sites
on the Li2CO3 crystal surface, forming a persistent inhibitory layer even when the driving
force for growth is high. This multivalent adsorption effectively blocks solute incorporation
sites, slowing down crystal expansion beyond what would be expected based solely on
thermodynamic considerations.

3.6. SEM Images and X-Ray Diffraction

Figure 14 shows SEM images of Li2CO3 particles obtained at different initial concen-
trations of LiCl and Na2CO3. At 2 M, spherulites formed by flat plates with radial growth
are observed, with a broad size distribution, where particles larger than 30 µm predomi-
nate. At 3 M, the spherulites maintain their radial structure but are more compact, with
thicker plates. In this case, numerous fine particles coexist with larger local agglomerates,
consistent with the high MSW values discussed previously. Finally, at 4 M, smaller, densely
packed spherulites with a cauliflower-like morphology are formed, accompanied by a high
proportion of fines (<20 µm), including numerous particles smaller than 10 µm.

The change in morphology and compaction with increasing initial LiCl concentration
reflects the effect of supersaturation on nucleation and growth. At low concentrations
(2 M), moderate supersaturation favors radial growth in open structures, with coexistence
of fines and coarse particles. At 3 M, the higher supersaturation induces more intense
nucleation, which explains the abundance of fines and the thickening of the plates, possibly
associated with accelerated growth in specific crystallographic directions. Under extreme
conditions (4 M), initial massive nucleation is followed by reorganization, producing
compact, cauliflower-like aggregates of smaller average size.

Figure 15 presents SEM images of Li2CO3 crystals obtained at 2 M LiCl in the presence
of low-molecular-weight polyacrylic acid (PAA) (1800 Da). Under these conditions, plate-
shaped crystals are observed, with a lower degree of agglomeration than in the condition
without additives, in addition to dispersed acicular crystals. The agglomerates retain the
typical radial morphology, composed of flat plates, like that obtained without additives.
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Figure 14. SEM images of lithium carbonate obtained at different initial lithium chloride concentra-
tions: (a,b) 2 M initial LiCl, (c,d) 3 M initial LiCl, (e,f) 4 M initial LiCl.

The incorporation of low-molecular-weight PAA partially modifies morphology, re-
ducing plate agglomeration and allowing the appearance of acicular crystals. This result is
consistent with that reported by Watamura et al. [27,28], who demonstrated that PAA can
selectively adsorb on specific crystal faces, inhibiting their growth and promoting elongated
morphologies. However, at low molecular weights, the inhibitory effect is limited: the
polymer reduces the tendency toward agglomeration but still allows the plaques to grow
and organize radially.
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Figure 15. SEM images of lithium carbonate obtained at an initial LiCl concentration of 2 M: (a) in the
absence of additives, (b) in the presence of 0.025 g/L polyacrylic acid, Mw: 1800.

Studies in analogous systems, such as CaCO3, confirm that lower molecular weight
PAA induces less drastic morphological changes [24,55]. In this case, the behavior
of P1 does not completely inhibit the formation of radial plaques, suggesting partial
surface adsorption.

Figure 16 shows SEM images of Li2CO3 crystals obtained at 3 M LiCl in the presence
of high-molecular-weight polyacrylic acid (PAA) (P2: 230,000 Da and P3: 450,000 Da). In all
cases, compact spherulites consisting of radial plates formed denser than those observed
without additives, where larger spherulites predominated and extensive agglomerates
coexisted. P3 showed a higher proportion of fine particles (<10 µm), consistent with the
trends recorded by FBRM in the fine particle count. The main difference between P2 and
P3 lies in the microstructure: in P3, the spherulites are composed of thinner and more
numerous plates, suggesting a fragmentation of radial growth compared to P2. However,
these differences are relatively subtle at higher LiCl concentrations (e.g., 3 M), where
the system exhibits enhanced nucleation and growth rates regardless of the additive’s
presence, possibly masking more pronounced polymer-induced effects that are observable
at lower concentrations.

These results confirm that the molecular weight of PAA modulates both the overall
size and the internal organization of the spherulites. Longer chain length polymers, such as
P3, possess more carboxylate groups capable of adsorbing multiple crystal faces, blocking
active sites, and fragmenting the morphology into smaller plates. This promotes the
formation of a greater number of radial nuclei that grow simultaneously, rather than
allowing the expansive growth of a few plates, which generates more compact spherulites
with a higher proportion of fines.

This behavior is consistent with the findings of Watamura et al. [27,28] in Li2CO3 and
with the results of Huang et al. [55] in CaCO3, where increasing molecular weight intensified
growth inhibition and diversified the morphology toward finer, more dense structures.
Overall, the transition from large, unfilled spherulites to more compact structures with P2
and, primarily, P3 reflects a nonclassical polymer-assisted nucleation mechanism, where
the stabilization of multiple nuclei and the adsorption of long chains favor smaller and
denser microstructures, consistent with kinetic and CLD analyses obtained using FBRM.

Figure 17 presents the X-ray diffraction (XRD) patterns of Li2CO3 crystals obtained
under various conditions. In all cases, the diffraction peaks correspond to the Li2CO3 phase
(zabuyelite) and match the characteristic positions and relative intensities reported in the
literature for this phase (e.g., Taborga et al., 2017 [29], Han et al., 2020 [49]. No additional
peaks or systematic shifts were detected because of variations in LiCl concentration or
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the presence of PAA. This clearly indicates that neither the initial supersaturation nor the
polymeric additive induced changes in the crystal structure of the product. All precipi-
tated solids are well-crystallized Li2CO3, regardless of differences in size or morphology.
Therefore, the effects of LiCl concentration and PAA are confined to kinetic and morpholog-
ical domains, influencing how and how fast Li2CO3 crystallizes—and in what form—but
without altering its phase or internal crystallographic ordering. This outcome aligns with
previous studies [27–30], which report that organic additives can modify the shape and
size distribution of salt crystals without altering their lattice structure.

  

  

  

Figure 16. SEM images of lithium carbonate crystals obtained at an initial LiCl concentration of 3 M
under different additive conditions: (a,b) in the absence of additives, (c,d) with 0.025 g/L polyacrylic
acid, Mw: 230,000, (e,f) with 0.025 g/L polyacrylic acid, Mw: 450,000.
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Figure 17. XRD patterns of Li2CO3 obtained in the presence of polyacrylic acid.

4. Conclusions
This study demonstrates that the reactive crystallization of Li2CO3 from LiCl and

Na2CO3, monitored by FBRM, is characterized by very rapid experimental nucleation and
growth, with maximum rates reached within the first seconds, followed by a subsequent
decline as supersaturation is consumed. The initial LiCl concentration dictated the relative
proportion of fine and coarse crystals. At 2 M, the growth of larger crystals predominated;
at 3 M, stable bimodal populations were observed; and at 4 M, the high supersaturation led
to massive nucleation, a significant presence of fines, and attrition phenomena.

The incorporation of polyacrylic acid (PAA) modified both kinetics and morphology,
with molecular weight emerging as a critical factor. At low molecular weight (1800 Da),
the formation and stabilization of fines were promoted. In contrast, at higher molecular
weights (230,000 Da and 450,000 Da), crystal growth was limited, resulting in reduced
formation of coarse crystals at 2–3 M but enhancing their presence under high supersat-
uration conditions (4 M). Analyses of the mean square-weighted chord length (MSW),
the MSW/median no-weighted chord length (MNW) ratio, and the CLD confirmed that
higher-chain polymers induced more heterogeneous distributions, resulting in increased
morphological compaction and finer microstructures.

SEM analyses corroborate these trends. In the absence of additives, the spherulites
were larger and more open. With low-molecular-weight PAA, agglomeration was reduced,
and acicular crystals appeared. In contrast, high-molecular-weight PAA promoted the
formation of more compact spherulites with thinner plates and an abundance of fines. These
findings suggest that PAA simultaneously modulates primary nucleation and suppresses
secondary nucleation, in agreement with both classical and nonclassical mechanisms
reported in the literature.

It is recommended to extend the study to a broader range of molecular weights and
polymer concentrations to identify threshold values for the inhibitory effect. Comple-
mentary in situ techniques such as PVM are also suggested to validate the morphological
reorganization phenomena indicated by the FBRM data. Another proposed direction is the
development of kinetic models coupled with population balance equations that incorpo-
rate agglomeration and attrition terms in the presence of additives. Finally, extrapolating
these results to semi-continuous or continuous operating conditions, closer to industrial
practice, would be valuable, as controlling the size and morphology of Li2CO3 is critical for
high-energy-density battery applications.
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