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Abstract: The reactive crystallization of lithium carbonate (Li;CO3) from lithium sulfate (Li;SO4) and
sodium carbonate (Na,COs3) solutions is a key process in harvesting solid lithium, whether from
ores, brines, or clays. However, the process kinetics and mechanism remain poorly understood
and the modelling of the reactive crystallization of Li,CO3 is not available. Hence, this work
aims to determine the kinetics and mechanisms of the nucleation and growth of Li;CO3 reactive
crystallization by induction time measurements and to model and optimize the crystallization
process using response surface methodology. Induction time measurements were carried out as
functions of initial supersaturation and temperature using a laser method. It was found that the
primary nucleation mechanism of Li,COj3 varies with solution supersaturations, in which, expectedly,
the heterogenous nucleation mechanism dominates at low supersaturations while the homogeneous
nucleation mode governs at high supersaturations. The transition point between heterogenous and
homogenous nucleation was found to vary with temperatures. Growth modes of Li,COj crystals
were investigated by relating induction time data with various growth mechanisms, revealing a
two-dimensional nucleation-mediated growth mechanism. The modelling and optimization of a
complex reactive crystallization were performed by response surface methodology (RSM), and the
effects of various crystallization parameters on product and process performances were examined.
Solution concentration was found to be the critical factor determining the yield of crystallization,
while stirring speed was found to play a dominant role in the particle size of Li;COj crystals.
Our findings may provide a better understanding of the reactive crystallization process of LiyCO3
and are critical in relation to the crystallization design and control of Li;CO3 production from lithium
sulfate sources.

Keywords: lithium carbonate; reactive crystallization; crystallization mechanisms; multi-response
optimization; response surface methodology

1. Introduction

Lithium and lithium compounds can be widely used due to their superior physical and chemical
performance [1]. Among them, lithium carbonate (Li;COs3) is one important lithium compound used in
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a wide range of applications such as rechargeable batteries, ceramics, glasses, and pharmaceuticals [2,3].
With the development of the lithium battery industry, the consumption of Li;CO3; will grow rapidly
within the next few years, which will lead to a shortage of this resource in 2020 [4]. Therefore, it is
necessary to develop sustained production of Li;CO3 to meet this increasing demand.

Nowadays, exploitation and processing of salt lake brines as well as lithium ores and lithium clays
have been proven to be a feasible method of producing Li;CO3. Compared to the treatment of ores and
clays, processing of brines is more economical and requires lower energy consumption [5]. However,
there are currently few reports on the treatment of brines with high Mg/Li ratios, which increases the
difficulty of recovering lithium resources from these matrices [6,7]. For this reason, the state-owned
mining company Corporacién Minera de Bolivia (COMIBOL) developed an alternative pilot process
for the production of Li;COj3 from brines with a high Mg/Li ratio of 22:1 [5]. As can be seen from
Figure 1, as one of the most critical steps in the production chain, the reactive crystallization of Li;CO3
from Li;SO4 and NayCOj3 solutions is the last carbonation stage of the pilot process. Furthermore, this
reactive crystallization system for the production of Li,COj is also applied in other manufacturing
processes using lithium-sulfated minerals such as lepidolite, spodumene, and amblygonite [8].
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Figure 1. Flowsheet of the alternative pilot process used to produce Li,COj3 from brines with high Mg/Li
ratios developed by COMIBOL. Reproduced with permission from Paola G. Aguilar and Teofilo A.
Graber, Industrial and Engineering Chemistry Research; published by American Chemical Society, 2018.

Reactive crystallization of LiCOj3 plays a key role in recovering lithium resources, whether from
ores, brines, or clays. Hence, this process has received significant interest. Sun et al. [9,10] measured the
unseeded and seeded supersolubility data of Li;COj3 in aqueous solution using a laser apparatus and
focused beam reflectance measurement (FBRM), respectively. By comparing the two methods, FBRM
was found to be a better apparatus with which to detect nucleation events in the presence of seed.
Wang et al. [11] measured the solubility, supersolubility, and metastable zone width of Li,COj3 in mixed
lithium chloride (LiCl)-sodium chloride (NaCl)-potassium chloride (KCl)-sodium sulfate (Na;SOy)
solutions at different temperatures and analyzed the effects of impurities on the thermodynamic
properties of LiyCOj3. Taborga et al. [12] have investigated the effects of different additives on the
size and morphology of Li,COj crystals and have proposed that the presence of polyethylenimine
(PEI), polyethylene glycol (PEG), and poly (4-styrenesulfonic acid) (P4SA) can increase the length of
LipCOs crystals. Matsumoto et al. [13] developed a novel crystallization technique to produce Li,CO3
nanoparticles using minute gas-liquid interfaces around CO, microbubbles activated by microwave
irradiation. The results showed that with the formation of numerous local supersaturation regions
at the minute gas-liquid interfaces, fine-sized Li,CO3 particles with a narrow size distribution were
crystallized due to the higher nucleation rate.

In the aforementioned studies, the thermodynamic properties of Li;COj3 and effects of different
additives on its morphology were discussed and some novel methods for the production of LiCO3



Processes 2019, 7, 248 3of16

crystals were also reported [9-13]. However, there have been no works concentrating on the
reactive crystallization mechanisms of LiCO3 from Li;SO4 and Na,CO3 solutions and multi-objective
optimization of the process. Here, the nucleation and growth kinetics and mechanisms of Li;COj in
reactive crystallization are investigated and the complex reactive crystallization process is modeled
and optimized using a novel method named response surface methodology. First, the induction times
for the reactive crystallization of Li,CO3; were measured over a range of supersaturations at different
temperatures using a laser method. Then, the effects of supersaturation levels and temperature on
the nucleation behavior of Li,COjs crystals were studied. Further, various mechanisms of crystal
growth were examined and the crystal growth mode of Li;CO3 was determined on the basis of data
fitting between experiments and theory. Finally, a response surface methodology (RSM) with central
composite design (CCD) was developed to understand the effects of various operating parameters
on the performance of the process. The significance of models was further revealed by analysis of
variance (ANOVA).

2. Materials and Methods

2.1. Materials and Experimental Procedures

Lithium sulfate (99.9% metal basis) was purchased from Chemart Chemical Technology Co.
Ltd. (Tianjin, China). Sodium carbonate (AR, >99.8%) was purchased from Titan Scientific Co. Ltd.
(Shanghai, China). Water was filtered through a double-deionized purification system and was used
as the solvent in all experiments. All chemicals were used directly without further purification.

The induction times were experimentally measured as functions of initial supersaturation and
temperature using a laser method. In accordance with a previous work [9], a 100 mL crystallizer
with a water bath (CF41, Julabo, Germany), a temperature indicator (Pt-100, Julabo, Germany), an
overhead mechanical stirrer (WB-2000C, Julabo, Germany), and a laser apparatus (JSW3-300, Mettler
Toledo, Switzerland) were used for induction time measurement. Firstly, a 40 mL Li;SO, solution
was introduced into the crystallizer and then agitation at 300 rpm in a water bath was initiated.
When the solution temperature stabilized, the preheated 40 mL Nap,COj3 solution was poured into
the crystallizer and the laser apparatus was turned on simultaneously; this was recorded as the start
time. The same molar concentration of Li;SO,; and Na,COj solution was calculated according to the
specified supersaturation. In the initial period, the solution was clear and the light intensity stayed
constant, whereas when the primary nucleation occurred, the light intensity decreased sharply due to
the diffraction and dispersion effect. The induction time can be calculated according to the interval
between the start time and the time when the light intensity decreases sharply. During the experiment,
the crystallizer was sealed to avoid the occurrence of water evaporation.

The experimental set up for optimizing the reactive crystallization process is similar to the
induction time measurement set up. Firstly, 40 mL Li,SO, solution was introduced into the crystallizer,
and then water-bath agitation was initiated. When the solution temperature stabilized, the peristaltic
pump was turned on to feed the NayCOj3 solution. The molar concentration of the Li,SO4; and
Na,COj3 solutions was the same. Upon finishing feeding, the crystallizer was sealed and the solution
temperature was kept constant for 150 min to ensure that the Li,COj3 crystals grew sufficiently. After
the reaction, the slurry was filtered while hot and the filter cake was washed three times with absolute
ethanol and dried in an oven at 50 °C for 12 h to remove free water. Finally, the particle size and crystal
size distribution of the Li,CO3 product were analyzed using Morphology 3000 (Malvern, UK).
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2.2. Theory

2.2.1. Classical Nucleation Theory

According to classical nucleation theory [14], the nucleation rate (J) can be expressed according to
Equation (1), i.e,,
‘Byslsvz ]

]::‘lep(_<k3193anS>2

where A is the pre-exponential factor, f is the geometric factor, yg is the interfacial free energy,

@

v is the molecular volume, kp is the Boltzmann constant, T is the absolute temperature, and S is
the supersaturation.

Generally, the induction time t;,q consists of three parts: the relaxation time, t;; the time required
to generate a stable nucleus, t,; and the time required for the nucleus to grow to be detectable, tg.
Making the assumption that the tj,q is mainly composed of t,, which is inversely proportional to the
nucleation rate, we get:

J = Ketipg ™! )

Combining Equations (1) and (2), the relationship between induction time and supersaturation
can be given by:

K ﬁ)/513212
ting = — exp| ———— 3)
A 4wnmwf
Taking the logarithm of both sides of Equation (3) and rearranging gives:

3,2
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Equation (4) has been proved to be valid by Sohnel and Mullin when the induction time is mainly
dominated by the time required to generate a stable nucleus [15].

Supersaturation is an important factor affecting the nucleation rate. In addition to classical
nucleation theory, the nucleation rate can also be considered a function of supersaturation, as shown in
the following empirical equation, Equation (5). The effect of supersaturation on the nucleation rate can
be visually reflected by determining the nucleation order. The empirical equation can be given by:

J = kaC" ®)

Combining Equations (2) and (5), we get:

(6)

teo, =
md T (AC)"

The relationship between relative supersaturation and the supersaturation ratio can be expressed as:

AC

= —1:
c=S5 c

@)

Combining Equations (6) and (7), the relationship between induction time and relative
supersaturation can be given by:

K
b= 8
ind k(O‘C*)n (8)
Taking the logarithm of both sides of Equation (8) and rearranging gives:
K
Intjy =In|——|-nl 9
N Lind n[k(C*)"] n n(G) )
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Equation (9) reveals that there is a linear relationship between Int;,; and In(c), which can be
employed to determine the nucleation order 7 at a given temperature.

2.2.2. Mechanism of Crystal Growth

The growth mode of the Li;COj3 crystal was identified by fitting the induction time data measured
from reactive crystallization experiments over a range of supersaturations at different temperatures
using expressions derived by Van der Leeden et al. [16], which can be expressed by

1
ting = ]LV + [#] (10)
where | is the nucleation rate, V is the volume of the system, « is the volume fraction of the new
phase formed, a;, is a shape factor, G is the growth rate, and n = mv + 1 (m is the dimensionality of
growth and 0.5 < v < 1). As for Equation (10), the first term which originates from the mononuclear
mechanism is often negligible in comparison to the second term because of the polynuclear mechanism.
For three-dimensional nucleation, the steady-state nucleation rate can be given as

B
=K;S (——) 11
J = KySexp(-— an
3 3 137/51302
where K] is the nucleation rate constant and B = T
B
The relationship between the growth rate and supersaturation is generally described as
G =Kgf(S) (12)

in which Kg is the growth rate constant and f(S) is a function of supersaturation depending on the
growth mechanism. The expressions of f(S) corresponding to different growth mechanisms are shown
in Table 1.

Table 1. The expressions of f(S) for different growth mechanisms.

Growth Mechanisms f(S)
Fy Normal growth S-1)
F, Spiral growth (5-1)*
F3 Volume diffusion-controlled growth S-1
Fy 2D nucleation-mediated growth (5-1) 5 $3 exp( _3%5 )
Combining Equations (10)—(12), we get
- (i-Dg-3 B
bt = Aul£(5)] Vs exp(n e (13)
where :
a "
A, =|— 14
u (anK]KG"—l) (14)

For normal, spiral, and volume diffusion-controlled growth, Equation (13) can be rearranged
to give
B
Fu(S) =InAy+ —= 15

where

n=1

Fu(S) = In{tal ()] 'S

=

} (16)
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Hence, as can be seen from Equation (15), a plot of F,(S) versus 1/(In?S) can be fitted using a
straight line for different values of .
For 2D nucleation-mediated growth, Equation (13) can be rearranged to give

B Bop B
Fu(S) =InAy + (n=1)320= + —c (17)

where ) i
Fu(S) = Inft(5-1) 57 55 (18)

In this case, a plot of F,,(S) versus 1/(InS) can be fitted using a parabolic model for different values
of n. Depending on the goodness of fit, the growth mechanism can be identified as being either normal,
spiral, or volume diffusion-controlled, or 2D nucleation-mediated, growth.

2.3. Response Surface Methodology and ANOVA Modeling

RSM combined with CCD is an efficient method with which to explore the relationships between
operating factors and system responses [17], and is widely used in process design and optimization [18].
The design procedure for RSM can be summarized as follows [17]: design a series of experiments to
achieve sufficient and reliable measurement for the desired response; develop a mathematical model
with a polynomial form and maximum fitting; analyze the direct and interactive effects of operating
parameters on responses from the plotted response surface; determine the optimal experimental
parameters in order to produce the most desirable value of the response.

Central composite design requires three types of tests: 2* factorial tests, 2k axial tests, and nc
center point tests, where k is the number of factors investigated in the experiment [19]. The design is
represented by five levels: —«, —1, 0, 1, and «, where « is equal to (Zk)o'25 [20]. The experimental data
is used to develop a mathematical model with a polynomial form. The significance of each term in the
equation and the goodness of fitting quality can be validated by ANOVA. Response surfaces were
plotted based on the fitted polynomial model.

Crystallization temperature (°C), feeding rate (mL/min), concentration (mol/L), and stirring speed
(rpm) were considered as factors in this research. The yield (%) and particle size (um) of Li,COj3 product
were considered as responses. A CCD design with four factors at five levels with 30 simulations test
was developed in this work. Design Expert 8.0.6 trial version (Stat-Ease, Inc., Minneapolis, MN, USA)
was used for this analysis.

3. Results and Discussion
3.1. Kinetics and Mechanism of LiyCO3 Reactive Crystallization

3.1.1. Induction Time Measurements

The experimentally measured induction times are significant in the process design and control of
an efficient crystallization system. For example, in antisolvent crystallization, if the mixing time of
the solvent and antisolvent can be controlled in a period shorter than the induction time, fine-sized
particles of narrow size distributions may be achieved [21]. In addition, analysis of the induction time
based on nucleation and growth theory also help in understanding the mechanisms of nucleation and
growth [14]. Therefore, a laser apparatus was used to provide a reliable method for the measurement
of induction times in this work, and the results are shown in Figure 2.

Generally, the relationship between induction time (tjq) and supersaturation (S) can be correlated
using the following empirical equation:

Aind

ting = o (19)



Processes 2019, 7, 248

where A;,,; and r are empirical constants [22]. The induction times measured at different temperatures
were correlated with the supersaturation and the values of the empirical constants A;,; and r were

obtained and are shown in Table 2.

Table 2. The parameters of empirical Equation (19) at different temperatures.

T (K) Aind r R?

318.15 52844 x 10°  6.0625 0.9969
323.15 7.8263 x 105  7.2975 0.9919
328.15 48841 x10°  7.5533 0.9901
333.15 25222 x10°  7.5568 0.9913

As can be seen from Figure 2 and Table 2, the induction time and supersaturation can be well
correlated at different temperatures by Equation (19), and all the coefficients of determination, R?, are
above 0.99. Meanwhile, it can be seen that at the same temperature, with the level of supersaturation
increasing, the induction time is shortened. This is because when a higher supersaturation level is
created, the nucleation driving force is larger and thus the nucleation rate is improved, which as a result
shortens the nucleation induction time. Similarly, at the same supersaturation level, the induction time
will be significantly shortened with increasing temperature. This is because the movement of ions can
be accelerated at higher temperatures which increases the collision frequency of ions, thus promoting
the formation of crystal nuclei. This phenomenon is consistent with classical nucleation theory.

& T ‘ T = T = T ‘ T ¥ T
3000 4 1
] = 318.15K
2500 - e 32315K |
] 4 32815K
*
2000 N 333.15K |
@ 15001 -
1000 1
500 4 1
O- -
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15 20 25 3.0 35 4.0 4.5
s

Figure 2. The nucleation induction times of Li;COj at different temperatures and supersaturations.

3.1.2. Crystal Nucleation Kinetics and Mechanism

For the primary nucleation process, the relationship between induction time and supersaturation
can be expressed by Equation (4). In order to have a better understanding of the nucleation behavior
of Li;CO3 under different conditions, log(ting) was plotted versus (logS)~2, with the result shown in
Figure 3. As can be seen from Figure 3, the experimental data follows the linear relationship given
by Equation (4). However, there is a region of higher slope at higher supersaturation and a region of
lower slope at lower supersaturation. Similar results have been reported for inorganic salts by other
researchers [23,24]. This phenomenon can be attributed to a change in nucleation mechanism. At lower
supersaturation levels, the driving force of the phase transition is lower and the nucleation process is
easily affected by external particles, so the heterogeneous nucleation mechanism plays a leading role
in the nucleation process. At higher supersaturation levels, the driving force of phase transition is
larger. Compared with the spontaneous nucleation of solution, the influence of external particles on
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the nucleation process can be neglected, and thus the homogeneous nucleation mechanism dominates
the nucleation process.
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Figure 3. Plot of log(tj,q) versus (logS)_2 for LipCOj crystallization.

Mersmann et al. [25] have proposed that for the reactive crystallization of insoluble materials, the
transition supersaturation (S;) required for homogeneous nucleation should be greater than 2. For the
reactive crystallization of LiCOj3 in our study, the transition supersaturation (S¢) is not a fixed value.
As can be seen from Figure 3, from 318.15 K to 333.15 K, the transition supersaturation (5¢) is 3.23, 2.85,
2.62, and 2.41, respectively.

According to Equation (9), the nucleation order # can be obtained by fitting Int;,; and In(0) using
a linear function, with the result shown in Figure 4. As can be seen from Figure 4, the test points show
a good linear relationship as a whole, and the regression curves are almost parallel to each other under
different temperatures, indicating that the nucleation order is similar under the experimental conditions
used. From 318.15 K to 333.15 K, the nucleation order is 3.84, 3.68, 3.60, and 3.48, respectively.
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Figure 4. Plot of log(tinq) versus ln(o) for Li;COj crystallization.
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3.1.3. Identification of Crystal Growth Mechanism

90f 16

The growth-mechanism of LiCOj crystals was identified by fitting the experimental induction
times from reactive crystallization over a range of temperatures and supersaturations to the expressions
of different growth mechanisms. According to a previous study [26], Li;COj3 crystals are rod-like,
meaning the value of mis 1. Hence n (mv + 1) can take values of either 3/2 or 2 depending on the value
of v (1/2 or 1). The expressions F(S) for different growth mechanisms of LiCOj3 are shown in Table 3.

Table 3. The expressions Fy(S) for different growth mechanisms of Li;COs.

Growth Mechanisms v n F,(S)
F Normal growth 1 2 m{tmd(s -1) 353
F, Spiral growth 1 2 ln{t,-nd(S - 1)5%}
F3 Volume diffusion-controlled growth ~ 1/2 3/2 ln{tmd(S -1) 353 }
Fy 2D nucleation-mediated growth 1 2 ln{tl-nd (§-1) 353 }

For mechanisms Fy, F», and F3, F,,(S) and 1/In%S are in a linear relationship, while for mechanism
F4, F4(S) and 1/1InS are in a quadratic polynomial relationship. The calculated values of F,(S) were

plotted against either 1/InS or 1/In?S, with the results shown in Figure 5. Depending on the goodness
of fitting quality shown in Table 4, the growth mechanism can be identified.
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Figure 5. Plot of F,,(S) versus 1/InS or 1/In?S for Li;CO3 crystals. Data are fitted using (a) normal growth,

(b) spiral growth, (c) volume diffusion-controlled growth, and (d) 2D nucleation-mediated growth.
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Table 4. The coefficients of determination R? for different growth mechanisms of Li;CO3 under
different temperatures.

R2
T (K)
F1 F; F3 Fy
318.15 0.9530 0.9505 0.9539 0.9949
323.15 0.9843 0.9877 0.9843 0.9977
328.15 0.9768 0.9785 0.9771 0.9918
333.15 0.9674 0.9699 0.9677 0.9920
Ave.R? 0.9704 0.9717 0.9708 0.9941

It can be seen from Figure 5 and Table 4 that the F4 mechanism correlates the induction time and
supersaturation data well at different temperatures using a quadratic polynomial. The coefficients
of determination R? are above 0.99 and the fitting accuracy is high. Hence, it can be concluded that
the growth mode of Li;COj3 crystals under our experimental conditions is a 2D nucleation-mediated
growth mechanism.

3.2. Multi-response Optimization Using Response Surface Methodology

3.2.1. Central Composite Design and Crystallization Outcomes

Based on single factor tests, a CCD of an RSM was employed to investigate the effects of four
variables—temperature (A), feeding rate (B), concentration (C), and stirring speed (D)—on the yield
(Y1) and particle size (Y») of the LiyCOj3 product. The experimental factors were coded at five levels (-2,
-1, 0, 1, 2), and temperature (30, 40, 50, 60, 70 °C), feeding rate (1, 2, 3, 4, 5 mL/min), concentration (1.5,
1.75,2,2.25, 2.5 mol/L) and stirring speed (200, 300, 400, 500, 600 rpm) were investigated (Table 5). This
design was composed of 30 tested points, including six replications of the zero points. The response
results are shown in Table 6.

Table 5. Levels and codes of central composite design.

Factor
Level Temperature Feeding Rate Concentration Stirring Speed

°C mL/min mol/L rpm
-2 30 1 15 200
-1 40 2 1.75 300
0 50 3 2 400
1 60 4 2.25 500
2 70 5 2.5 600

Table 6. Central composite design and experimental results.

Temperature Feeding Rate Concentration Stirring Speed Yield D [4,3]

Run °C mL/min mol/L rpm % um
1 40.00 4.00 1.75 500.00 71.50 107.00
2 50.00 3.00 2.00 400.00 88.59 101.00
3 60.00 2.00 1.75 300.00 77.78 138.00
4 40.00 2.00 2.25 500.00 83.72 94.50
5 30.00 3.00 2.00 400.00 73.54 109.00
6 40.00 4.00 2.25 300.00 88.24 108.00
7 70.00 3.00 2.00 400.00 88.46 82.00
8 50.00 3.00 2.00 200.00 86.31 180.00
9 50.00 3.00 1.50 400.00 79.52 130.00

10 60.00 4.00 2.25 300.00 89.89 126.00
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Table 6. Cont.

Run Temperature Feeding Rate Concentration Stirring Speed Yield D [4,3]

°C mL/min mol/L rpm % um
11 40.00 2.00 1.75 300.00 71.43 140.00
12 60.00 4.00 2.25 500.00 90.91 90.70
13 60.00 4.00 1.75 300.00 78.35 135.00
14 50.00 3.00 2.50 400.00 83.05 90.60
15 50.00 3.00 2.00 400.00 88.03 108.00
16 60.00 2.00 2.25 300.00 80.36 134.00
17 60.00 2.00 1.75 500.00 79.15 110.00
18 50.00 3.00 2.00 400.00 87.73 101.00
19 60.00 2.00 2.25 500.00 80.71 104.00
20 50.00 3.00 2.00 400.00 90.42 93.10
21 40.00 4.00 1.75 300.00 72.91 131.00
22 40.00 4.00 2.25 500.00 87.83 92.50
23 40.00 2.00 1.75 500.00 72.07 109.00
24 50.00 5.00 2.00 400.00 87.54 92.60
25 50.00 1.00 2.00 400.00 86.87 98.70
26 50.00 3.00 2.00 400.00 88.46 96.80
27 60.00 4.00 1.75 500.00 78.70 113.00
28 40.00 2.00 2.25 300.00 85.50 122.00
29 50.00 3.00 2.00 400.00 89.71 96.20
30 50.00 3.00 2.00 600.00 87.36 91.50

3.2.2. Model Fitting and ANOVA Analysis
The experimental data was used to develop a second-order polynomial model which can be
written as:

k
ZﬁinAiXAj—l—ZﬁiiXAiz—l—é' (20)

]:1 i=1

k k k
Y =po+ ) BixAi+
i=1 i=1
in which fy is the intercept, f;, Bij, Bii are first-order, interactive, and second-order effects, respectively, i
and j represent the number of k factors, and ¢ is the residual error [27]. This method is able to evaluate
interaction effects and pure quadratic effects, and is considered to be the most efficient evaluation
method that can improve the quality of data.

ANOVA was used to determine the significance of each term in the equation and estimate the
goodness of fitting quality. In the results of this ANOVA analysis the p-values could be used to check
the significance of each term. Specifically, values of “probability (p) > F” less than 0.05, 0.01, and
0.001 indicate that the model terms are significant, highly significant, and remarkably significant,
respectively, while values greater than 0.05 indicate that the model terms are not significant [28].

The results of ANOVA for the quadratic model of the yield are shown in Table 7. ANOVA revealed
that the model was highly significant (p < 0.01) for the yield of LiyCOj3 product, indicating that the
developed model was reliable. As can be seen from Table 7, significant linear A, highly significant
quadratic A? and C?, and remarkably significant linear C effects on yield were shown by the ANOVA
results, while for the other factors, the p-values were greater than 0.05, indicating that these factors
were not significant. Based on the regression coefficient (3) values, solution concentration was revealed
to be a major effect, followed by temperature, feeding rate, and stirring speed. The yield of the Li,CO3
product can be expressed by the following second order polynomial equation:

R(Yield) = 88.82 + 2.19* + 1.21B + 3.85C + 0.092D + 0.76 AB — 1.84AC + 0.38AD + 1.60BC —

21
0.064BD — 0.11CD — 2.54A2% — 0.99B2 — 2.47C2 — 1.08D? 21)
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Table 7. ANOVA analysis and results with quadratic model of yield.

Source Sum of Squares Degrees of Freedom  Mean Square  F-Value  p-Value
Model 922.17 14 65.87 4.26 0.0043
A-Temperature 114.84 1 114.84 7.42 0.0157
B-Feeding Rate 34.90 1 34.90 225 0.1540
C—Concentration 355.17 1 355.17 22.95 0.0002
D-Stirring speed 0.20 1 0.20 0.01 0.9103
AB 9.13 1 9.13 0.59 0.4544
AC 54.36 1 54.36 3.51 0.0805
AD 2.28 1 2.28 0.15 0.7063
BC 40.88 1 40.88 2.64 0.1249
BD 0.07 1 0.07 0.00 0.9487
CD 0.20 1 0.20 0.01 0.9100
A2 177.08 1 177.08 11.44 0.0041
B? 26.89 1 26.89 1.74 0.2073
C? 167.32 1 167.32 10.81 0.0050
D? 32.18 1 32.18 2.08 0.1699

Table 8 shows the ANOVA results using the quadratic model of particle size. ANOVA revealed
that the model was remarkably significant (p < 0.001) for particle size for the LiyCO3 product, indicating
that the developed model was very reliable. As shown in Table 8, linear C exhibited a highly significant
effect on particle size and the linear D and quadratic D? displayed a remarkably significant effect, while
for the other factors, the p-values are greater than 0.05, suggesting that these factors are not significant.
Among the factors, particle size depended more on stirring speed, followed by concentration, feeding
rate, and temperature. The fitted second order polynomial equation of particle size can be expressed as:

R(D [4,3]) = 99.35 — 0.30% — 2.52B — 7.92C — 16.26D + 0.36AB + 1.79AC — 1.08AD — 1.64BC +

1.23BD — 0.21CD + 0.14A2 + 0.18 B? + 3.84C2 + 10.20D? (22)

Table 8. ANOVA analysis and results with quadratic model of particle size.

Source Sum of Squares Degrees of Freedom  Mean Square  F-Value  p-Value
Model 11293.00 14 806.64 8.40 < 0.0001
A-Temperature 222 1 2.22 0.02 0.8812
B-Feeding Rate 152.51 1 152.51 1.59 0.2268
C—Concentration 1505.75 1 1505.75 15.68 0.0013
D-Stirring speed 6347.25 1 6347.25 66.11 < 0.0001
AB 2.03 1 2.03 0.02 0.8863
AC 51.48 1 51.48 0.54 0.4753
AD 18.71 1 18.71 0.19 0.6652
BC 43.23 1 43.23 0.45 0.5124
BD 24.26 1 24.26 0.25 0.6225
CD 0.68 1 0.68 0.01 0.9340
A? 0.54 1 0.54 0.01 0.9411
B? 0.87 1 0.87 0.01 0.9254
C? 404.58 1 404.58 4.21 0.0580
D? 2855.42 1 2855.42 29.74 < 0.0001

3.2.3. Response Surface Analysis

Based on the equations mentioned above, three-dimensional surface values were depicted to show
the influences of the independent variables (temperature, feeding rate, concentration, and stirring
speed) on the yield and particle size of Li,CO3 product. The results are shown in Figures 6 and 7.
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Figure 6. 3D surface plots of effects of binary interactions among factors A (temperature), B (feeding
rate), C (concentration), and D (stirring speed) on response value Y; (yield of Li;COs3).

It can be seen from Figure 6 that the major factor affecting the yield of Li;CO3; was concentration
of solution, and that interaction between various factors was not significant. Figure 6 also reveals that
the yield of Li,COs increased with increasing concentration of solution. This is because increasing
concentration improves instantaneous supersaturation, thus promoting the driving force of the
nucleation and growth process. Therefore, more Li;COj3 could be crystallized in the same time, and
the yield was improved.

As can be seen from Figure 7, the major factor affecting the particle size of Li;COs is stirring speed;
the interaction between various factors is not significant. Figure 7 also reveals that the particle size of
Li,COj; decreased significantly with increasing stirring speed. This is because the improvement of
stirring speed promotes ideal mixing conditions and thus the spatial distribution of the supersaturation
becomes more uniform. Therefore, the supersaturation was mainly consumed by nucleation and the
growth process was suppressed, meaning that the particle size was reduced.
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Figure 7. 3D surface plots of effects of binary interactions among factors A (temperature), B (feeding
rate), C (concentration), and D (stirring speed) on response value Y, (particle size of Li;CO3).

4. Conclusions

The reactive crystallization kinetics and mechanism of the production of Li,COj3 from Li;SO, and
NayCOj solutions have been explored in this work on the basis of induction time measurements, and
the complex crystallization process was modeled and optimized in regard to yield and particle size
by response surface methodology. It was shown, expectedly, that the plotted log(t;nq) versus (logS)~2
follows a linear relationship where there is a region of lower slope at lower supersaturation and a region
of higher slope at higher supersaturation, thus indicating two distinct primary nucleation behaviors in
which the heterogenous nucleation dominates at low supersaturations and at high supersaturations
the homogenous nucleation governs. The transition point between heterogenous and homogenous
nucleation was found to vary with temperatures but the nucleation order remained nearly the same
under experimental conditions. Further, the growth mechanism of Li;COj3 reactive crystallization was
determined to be 2D nucleation-mediated growth. Modeling of the reactive crystallization process of
Li,CO; was developed and process optimization was performed in regard to product yield and particle
size. Response surface and ANOVA analysis revealed the major factors contributing to the yield and
particle size of LiCOj crystallization were solution concentration and stirring speed, respectively.
To the best of our knowledge, this work represents the first time that the nucleation and growth
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mechanisms of reactive crystallization of LiCOj3 from Li;SO4 and NayCOj5 solutions and process
modeling and optimization by response surface methodology have been studied. Our findings could
be applied to the design and control of the reactive crystallization of Li,COj in its production from
lithium sulfate sources.
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