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Abstract: This study focuses on the thermodynamic modeling of the crystallization by the drowning
process for two lithium salts: lithium hydroxide (LiOH) and lithium formate (CHLiO2). The modeling
involves utilizing thermodynamic properties, such as the activity, osmotic, and solubility coefficients,
within the ternary systems of LiOH + cosolvent + water and CHLiO2 + cosolvent + water, as well
as their respective binary constituent systems. Ethanol is chosen as the cosolvent for both salts,
facilitating a comparative analysis. Given the limited availability of thermodynamic data for lithium
formate with different cosolvents, the study aims to address this gap. The modified Pitzer model
was employed for the modeling process, where the parameters were successfully obtained for
both systems, with a deviation of less than 1%. Additionally, the mass and energy balance for the
drowning-out crystallization process of both salts was performed.

Keywords: crystallization; lithium salts; thermodynamic properties; modified Pitzer model

1. Introduction

Nonmetallic mining in Chile has always been of worldwide interest thanks to the
country’s geology and climate, where one of the most commercialized nonmetallic products
are lithium salts, particularly lithium carbonate and lithium hydroxide. Lithium carbonate
is the most industrially used compound worldwide; this is because it is used to obtain
lithium hydroxide monohydrate, whose thermodynamic properties are of great importance
for geochemical processes, such as brine formation [1,2]. As for lithium carbonate, it
accounts for approximately 71% of industrial use, as its purification process is simple, and
it is used for the conversion of organic and inorganic lithium salts [3]. Although lithium
has great utilities and is a natural resource with great global and national presence, it is still
a subject of research since there are many lithium compounds with few studies, such as
lithium formate (CHLiO2).

Drowning crystallization is generally used to separate components that are difficult
to distill. This type of crystallization is widely used in the separation of heat-sensitive
components because crystallization occurs near room temperature and increases the yield
of components that have a solubility that varies relatively little with temperature [4].
The drowning-out crystallization of highly water-soluble ionic solids can be induced by
the addition of water-miscible organic antisolvents, such as monovalent alcohols. These
antisolvents can modify the structure, properties, and behavior of electrolyte solutions,
causing changes in the mobility and solvation of ions. The mixing of solvents has a
significant effect on the dielectric constant of the solution, since a decrease in the dielectric
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constant in mixtures of water and solvent is linked to an increase in the electrostatic
interaction between ions of opposite charge, which favors the formation of insoluble ionic
species [5,6]. For each value of electrical constant, there is a critical distance for which
the electrostatic interaction energy is equal to the average kinetic energy of the charged
ions. Below the value of the critical distance, the ions cannot be separated by agitation, and
therefore ionic pairs are formed. It is because of the abovementioned that it is concluded
that the addition of some organic antisolvent to an aqueous solution of an ionic salt leads
to an increase in the ionic cohesion forces, and thus precipitation will occur [7].

The Pitzer model [8] has been used for solubility prediction and correlation in systems
containing one or more salts in a single solvent [9,10]. However, this original form of the
model is not successfully applied for electrolyte solutions with mixed solvents [11]. To
extend the application of this model, Wu et al. [12] proposed a modified Pitzer model for
the liquid–liquid equilibrium prediction of polymer + salt + water systems; this modified
model was successfully applied [13]. This modified Pitzer model considers the existence
of short- and long-range interactions described by binary and ternary parameters. The
modified model has been applied to determine the different thermodynamic properties
of electrolyte solutions [14–16]. The generated parameters are fundamental to describe,
understand, and project the behavior of associated multicomponent systems [17,18].

Taboada et al. [19] studied the crystallization process by the drowning of the
LiOH + ethanol + water system using the graphical method at 298.15 K, i.e., no ther-
modynamic modeling was performed. Another related work is that of Graber et al. [20],
who studied the behavior of LiOH·H2O crystals obtained by evaporation and drowning,
although this work included thermodynamic modeling with the NRTL model; some doubts
have arisen about the procedure used, since the reported Kps equation is in a molar scale,
and the model parameters and the NRTL model itself works in the mole fraction scale.

This study aims to model the drowning crystallization processes for two lithium salts,
lithium hydroxide (LiOH) and lithium formate (CHLiO2), using the modified Pitzer model.
The realization of this study will complement the information already published in the
literature, providing a contribution to the study of lithium salts and especially considering
lithium formate (CHLiO2), which will mean a great contribution for future studies around
nonmetallic mining.

2. Thermodynamic Framework
2.1. Solubility Product

The solubility product expression for anhydrous univalent salts (Ksp) is represented
by Equation (1), where x2 represents the saturation (solubility) mole fraction and γ± is the
average ionic activity coefficient of the salt. To calculate γ±, the modified Pitzer model
originally reported for mixtures involving water, polymer, and electrolyte is used:

Ksp = x2
2 γ2

± (1)

2.2. Modified Pitzer Model

According to the modified Pitzer model [8], the activity coefficients, γ, may be written
as described by Equation (2), in which the superscripts LR and SR stand for the long-range
and short-range contributions of the species i, respectively.

ln γi = lnγ LR
i + lnγ SR

i (2)

For the electrolytes 1:1, the long-range contribution is defined by Equation (3), and
for the nonionic components, by Equation (4), where Vi is the molar volume of the pure
nonionic species i and d represents the mixed-solvent density.

lnγLR
± =

AI
1
2(

1 + bI
1
2

) (3)
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lnγLR
i =

2AVid
b3

[
1 + bI

1
2 −

(
1 + bI

1
2

)−1
− 2ln

(
1 + bI

1
2

)]
(4)

The ionic strength (I), expressed by Equation (5), depends on the concentration (molal-
ity) of species j (m′) and its charge (Z).

I = 0.5∑N
j ̸=w m′

jZ
2
j (5)

A and b are Debye–Hückel constants, based on a value of 4 Å for a; these parameters
are calculated using Equations (6) and (7) below:

A = 1.327757 ∗ 105 d0.5

(DT)1.5 (6)

b = 6.359696
d0.5

(DT)0.5 (7)

The properties of the mixed solvent D and d are empirically calculated using Equations (8)
and (9), where ϕ′

i is the free salt volume fraction of the nonionic species i in the liquid
phase. Table 1 shows the physical properties of ethanol and water used to calculate the
Debye–Hückel constants A and b.

D = ∑ ϕ′
i Di (8)

d = ∑ ϕ′
idi (9)

Table 1. Dielectric constant (Di), density (di), and molar volume (Vi) of pure substances used for the
calculation of A and b, and the number of segments, ri, at 298.15 K.

Di di
(kg/m3)

Vi
(m3/mol)

PM
(g/mol) ri

H2O Ethanol H2O Ethanol H2O Ethanol H2O Ethanol H2O Ethanol

78.3040 24.2000 997.0449 785.1000 1.81 × 10−5 5.87 × 10−5 18.0200 46.0700 1 1

[21–24].

The short-range contributions for the three components may be written as presented
by Equations (10)–(12):

lnγSR
1 = 2B11r2

1m1 + B12r1m2 −
M1

1000
nw

ns
I
(

B′
12r1m1m2 + 2vcvaB′

22m2
2

)
+ 3C111r3

1m2
1 + 2C112r2

1m1m2 + C122r1m2
2 (10)

lnγSR
± =

(
1
v

)[
B12r1m1 + 4vcvaB22m2 + I

(
B′

12r1m1 + 2vcvaB′
22m2

)
+ C112r2

1m2
1 + 2C122r1m1m2 + 2(vcva)

3
2 Cγ

222m2
2

]
(11)

lnγSR
3 = − M3

1000 [B11r2
1m2

1 +
(

B12 +
nw
ns

IB′
12

)
r1m1m2 + 2vcva

(
B22 +

nw
ns

IB′
22

)
m2

2 + 2C111r3
1m3

1 + 2C112r2
1m2

1m2

+2C122r1m1m2
2 + 2(vcva)

3
2 Cϕ

222m3
2]

(12)

where the parameters involved are defined in Supplementary Material (Equations (S1)–(S10)).

3. Bibliographic Background
3.1. Lithium Hydroxide

The study utilized data from Taboada et al. [25] to examine solubility and density
variations in binary (lithium hydroxide and water) and ternary (lithium hydroxide, ethanol,
and water) systems across different temperatures. Additionally, molality calculations were
based on data from another study by Taboada et al. [26], although recorded at a single tem-
perature (298.15 K). Osmotic coefficient information, including viscosity, density, refractive
index, and electrical conductivity at 298.15 K, was sourced from Nasirzadeh et al. [1]. Data
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on osmotic coefficients, and the activity at various molalities and temperatures, were also
obtained from studies by Robinson and Stokes [27] and Hamer and Yung [28].

3.2. Lithium Formate

Data reported by Carton et al. [29], where the solubility (s%) and density (kg/m3)
data are available at different temperatures, were compiled. For osmotic coefficients and
activity data, the article by Kreis and Wood [30] was used, where data at different molalities
are presented.

3.3. Data Analysis

The osmotic coefficient data from Robinson and Stokes [27] and Hammer [28] exhibit
a high degree of similarity, suggesting good reliability. Although the data from Nasirzadeh
et al. [1] show a lower similarity to the former two, they follow a similar trend, especially
in the range of approximately 2 molal to 5 molal. The disparity in Nasirzadeh’s data
may be attributed to differences in experimental procedures. Hammer’s study involves
correcting literature data, including that of Robinson and Stokes, aiming for thermody-
namic consistency and expected similarity. In contrast, Nasirzadeh’s data were experi-
mentally obtained due to a lack of comprehensive temperature-dependent studies in the
existing literature for lithium hydroxide. Figure 1 illustrates a comparison of the three
mentioned datasets.
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Figure 1. Comparison of osmotic coefficient data for the LiOH + H2O system at 298.15 K. [1] –•–, [27]
–♦–, and [28] –■–.

As in the previous case, the activity coefficient data of Robinson and stokes [27]
with those of Hammer [28] have a fairly marked similarity, which differs from those of
Nasirzadeh et al. [1], being more notable in this case. For the three studies considered at
298.15 K, it can be said that the data are relatively consistent, as they follow the same trend,
although they differ from each other, as shown in Figure 2.
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Figure 2. Comparison of activity coefficient data for the LiOH + H2O system at 298.15 K. [1] –•–, [27]
–♦–, and [28] –■–.

Limited data are available for the osmotic coefficient and activity in lithium formate,
particularly in the binary system, raising concerns about the potential bias in the modeling
due to the narrow molal concentration range. The solubility data for the lithium formate
ternary system are more extensive, primarily reported by a single author and depicted in
Figure 3. A notable trend in solubility is observed at low alcohol concentrations, where
higher temperatures correspond to increased solubility. However, as the ethanol concen-
tration rises, the temperature’s impact on solubility diminishes, leading to closely spaced
isotherms. This proximity poses a potential challenge in the modeling process, considering
experimental uncertainties.
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4. Results and Discussion
4.1. Lithium Hydroxide
4.1.1. Binary System LiOH + H2O

There are three authors who report activity coefficient data at the same tempera-
ture (298.15 K); therefore, it was decided to perform the modeling of the binary system
(LiOH + H2O) for the three authors. The data reported by Nasirzadeh et al. [1] have a
deviation of 0.00762, the data reported by Robinson and stokes [27] have a deviation of
0.00813, and the data reported by Hammer [28] have a deviation of 0.02158.

After modeling with the modified Pitzer model, it was decided to make a scatter plot to
observe the behavior of the data used and ensure that they were consistent. Figures S1–S3
in Supplementary Material present the relative deviation of the values.

The Robinson and Stokes [27] data have a higher dispersion, highlighting that the
latter data have a higher error. As for the data of [28], the data have less dispersion than in
the previous case; however, as in the case of Nasirzadeh et al. [1] and Robinson, they also
have greater uncertainty in the diluted zone.

From the previous results, we have chosen to use the Nasirzadeh et al. [1] data
to continue with the modeling of the ternary system due to the better fit obtained in
comparison with the other works, and for the fact that the dispersion of his data is more
random, while in the other works, there is a certain tendency in the dispersion which makes
us think that these data, in addition to the experimental uncertainty, have a systematic
error incorporated in their treatment, possibly due to the models or patterns used. Another
reason is that Nasirzadeh et al. [1] report data at different temperatures compared to the
other two authors.

It is important to note that only α1 was used for the modeling of the binary system
and the comparison of all data; this is because it had already been observed that, with the
incorporation of α2, the improvement in the fit was negligible, which would make the use
of α2 irrelevant for the following calculations.

Table 2 presents the Pitzer parameters determined for the binary system LiOH + H2O;
the value of the average absolute deviation (AAD) shows the good agreement between the
experimental and calculated values.

Table 2. Parameters of the modified Pitzer model for the binary system LiOH + H2O at 298.15 K.

β(0)
22 /kg·mol−1 β(1)

22 /kg·mol−1 β(2)
22 /kg·mol−1 Cγ

222/kg2·mol−2 α1 α2 AAD% a

0.1523 27.5274 −27.0778 −0.0216 2 1.9345 0.7625
a AAD = 1

N ∑N
i=1

∣∣XExp.i − XCalc.i
∣∣; N is the number of data used in the regression.

4.1.2. Ternary System LiOH + H2O + C2H6O

Lithium hydroxide crystallizes at 298.15 K with a water molecule, which is why water
activity is considered in the modeling. Two additional parameters, B11 and C111, the second
and third coefficients for ethanol, are presented, which were extracted from the work of
Galvão et al. [31]. The interaction parameter B11 has a value of −0.03411 (kg·mol−1) and
the parameter C111 has a value of 0.00024 (kg2·mol−2).

To reach the parameterization, a global objective function is used, which includes the
ternary systems and their constituent binary systems over a wide range of temperature
and concentration. The objective function used based on the concept of least squares is
Equation (13):

OF =
∑
(
γi,exp(xexp)− γi,cal(xcal)

)2

n
(13)

Table 3 shows the values obtained for the ternary system with their respective average
absolute deviation. The AAD value obtained shows the good fit of the solubility data and
validates the model for the correlation of these solubility data.



Metals 2024, 14, 78 7 of 13

Table 3. Cross-parameters of the modified Pitzer model of the ternary system LiOH + H2O + C2H6O
at 298.15 K.

β(0)
12

kg·mol−1
β(1)

12
kg·mol−1

β(2)
12

kg·mol−1
C112

kg2·mol−2
C122

kg2·mol−2 AAD% a

−0.5449 8.5285 −3.7190 −0.0188 0.1325 0.5963
a AAD = 1

N ∑N
i=1

∣∣XExp.i − XCalc.i
∣∣; N is the number of data used in the regression.

4.2. Lithium Formate
4.2.1. Binary System

The modeling was performed with the data reported by Wood et al. [30], where,
initially, the parameters α1 and α2 were considered, but the mean absolute deviation did
not improve considerably, so it was decided to consider only α1.

Unfortunately, the data reported by Wood et al. [30] for the activity and osmotic
coefficients, being at a very low concentration with respect to the concentration values of
the solubility data, have a negative impact on the modeling. Therefore, it was decided to
proceed with another modeling procedure for the binary system from its solubility data
at different temperatures. The Pitzer parameters of the binary system obtained in the first
instance are reported in Table 4, but they are only valid for low concentrations.

Table 4. Parameters of the modified Pitzer model for the binary system CHLiO2 + H2O at 298.15 K,
valid up to 0.4 molal.

β(0)
22 /kg·mol−1 β(1)

22 /kg·mol−1 Cγ
222/kg2·mol−2 α1 AAD% a

−0.4735 0.1272 0.5307 2 0.0805
a AAD = 1

N ∑N
i=1

∣∣XExp.i − XCalc.i
∣∣; N is the number of data used in the regression.

Parameter Estimation

To model the solubility compositions, the solubility product, Ksp, was determined as
a function of temperature through Equation (14), reported by Jiménez et al. [32], where Ai
are adjustment parameters and T is the temperature.

LogKps = A1 + A2T +
A3

T
+ A4Log(T) +

A5

T2 (14)

The parameters of the activity coefficient model are called the characteristic coeffi-
cients of the salt (β22

(0), β22
(1), and C222

ϕ), the alcohol (B11 and C111), and the cross-virial
coefficients between the salt and the alcohol (β12

(0), β12
(1), C112, and C122). All parameters

as a function of temperature were adjusted to the Equation (15), where Qi are empirical
constants, TR is the reference temperature (298.15 K), and T is the experimental temperature
in K.

f (T) = Q1 + Q2

(
1
T
− 1

TR

)
+ Q3ln

(
T
TR

)
(15)

Table 5 shows the parameters Ai and Qi obtained for the binary system CHLiO2
and water.

Table 5. Ai (Equation (14)) and Qi (Equation (15)) values determined for the binary system
CHLiO2 + H2O, valid from 283.15 to 313.15 K.

Ksp Q1 Q2 Q3
A1 −0.0002 β

(0)
22

0.0022 0.0019 −0.5627
A2 −0.0058 β

(1)
22 7.46 × 10−5 6.47 × 10−5 −0.0189

A3 −8.13 × 10−5 Cγ
222 0.0095 0.0114 6.51 × 10−5
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Although this procedure is valid and was necessary to perform due to the scarcity of
reported data from the lithium format, it is recommended to integrae the activity or osmotic
coefficient data of the binary system to the procedure, and thus determine together the
parameters, which would be much more consistent when considering these thermodynamic
properties and the solubility product.

4.2.2. Ternary System CHLiO2 + H2O + C2H6O

To determine the Debye–Hückel constants (A and b), data reported by Zafarani-
Moattar and Majdan-Cegincara [23] for ethanol density and data reported by Åkerlöf [24]
for the dielectric constant for ethanol, at five different temperatures, were used (Table S1).
These data were fitted to an equation to determine the value at the study temperature. The
figures can be found in Supplementary Material (Figures S4 and S5).

Lithium formate crystallizes with a water molecule up to 364.15 K, so the parameters
B11 and C111 are included in the modeling; however, unlike lithium hydroxide, in this case
we worked with five different temperatures, so these parameters must be a function of
temperature, as described in Equation (15); these parameters have already been reported
by Galvão et al. [31].

Table 6 shows the results obtained for the Pitzer parameters at each temperature for
the ternary system CHLiO2 + H2O + C2H6O and the solubility product values.

Table 6. Cross-parameters of the modified Pitzer model of the ternary system CHLiO2 + H2O +
C2H6O at different temperatures and solubility products, Ksp.

T/K β(0)
12

kg·mol−1
β(1)

12
kg·mol−1

C112
kg2·mol−2

C122
kg2·mol−2 Ksp AAD% a

283.15 −0.3167 1.3382 −0.0018 0.0461 0.0225 0.2821
293.15 −0.2494 −2.1863 0.0055 0.0332 0.0197 0.1620
298.15 −0.2135 0.7527 −0.0007 0.0297 0.0184 0.1584
303.15 −0.2527 0.4829 0.0002 0.0295 0.0172 0.1653
313.15 −0.1299 −1.2661 0.0025 0.0168 0.0150 0.2113

a AAD = 1
N ∑N

i=1
∣∣XExp.i − XCalc.i

∣∣; N is the number of data used in the regression.

4.3. Precipitate Calculation

Quantifying the amount of precipitated salt (or supersaturation) for different per-
centages of antisolvent in the system is crucial information for the process design. This
calculation can be performed starting from an initial equilibrium condition, in which the
salt is saturated in water; if any amount of antisolvent (ethanol) is added to this system,
precipitation occurs, followed by the establishment of a new equilibrium condition in which
the salt will be saturated again, but now in a new water + antisolvent medium.

Galvão et al. [31] have developed an equation from Equation (1) incorporating this new
equilibrium condition, as shown in Equation (16), where P corresponds to the precipitate in
mole fraction, X0 is the initial salt mole fraction in the saturated solution, and a corresponds
to the activity of water in solution.

P2 − 2X0 + X2
0 −

Ksp

(γ 2
± ∗ a

) = 0 (16)

4.3.1. Lithium Hydroxide

Table 7 shows the amount of lithium hydroxide precipitated and the yield of the
process as a function of the ethanol concentration. The highest yield was obtained with a
concentration of 56.49% ethanol, where 93.8 g LiOH/kg ethanol was obtained. The yield is
only 9%, so, in contrast to other antisolvents studied, ethanol could not be the best choice
for use in the drowning-out crystallization process.
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Table 7. Solubility product, Ksp, the initial solubility, X0, the water activity, a, the amount of LiOH
precipitate, P, in mole fraction and g/kg solv. as a function of the ethanol weight percentage, and the
yield (Y) of the process at 298.15 K.

Ksp X0 a P
(frac. Mol)

P
(g/kg solv)

w/w %
Ethanol Y%

0.0037 0.0853 0.9322 0.0000 0.0000 0.00 0.00
0.8140 0.0158 37.2295 9.94 3.72
0.7685 0.0284 61.5564 19.97 6.16
0.7478 0.0339 68.4350 28.52 6.84
0.7296 0.0436 79.7250 40.07 7.97
0.7447 0.0482 82.3849 47.37 8.24
0.8273 0.0510 80.1891 56.50 8.02
0.8167 0.0600 93.8761 56.49 9.39
0.8875 0.0586 88.6288 60.05 8.86

4.3.2. Lithium Formate

The values of the precipitate as a function of the ethanol concentration and the results
at the five temperatures are presented in Supplementary Material (Tables S2–S6). The
results obtained are plotted to analyze the effect of temperature, which can be seen in
Figure 4.
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The precipitate increases with temperature, which is to be expected, since the solubility
increases with temperature; however, it can be seen that the trend line at 293.15 K is above
the trend line at 298.15 K, which could be due to the experimental uncertainty of the data
used. It is observed that the solubility data at 293.15 K are very close to those at 298.15 K;
practically, some points would be in the margin of the experimental uncertainty. This
undoubtedly has repercussions on the results of the modeling.

Regarding the amount of ethanol to be added to obtain the optimum amount of
precipitate in each case, it can be observed that, as the temperature increases, this amount
decreases, since, at 283.15 K, 40% by weight of ethanol is the optimum amount and at
313.15 K, the optimum amount is 36%; these results make sense because, as the temperature
is higher, it is not necessary to add more ethanol to obtain the desired precipitate, since the
temperature is a factor that affects the solubility of the salts.
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4.4. Drowning-Out Crystallization Process
4.4.1. Lithium Hydroxide

The design of the drowning-out crystallization process consists of three pieces of
equipment, a crystallizer, a filter or centrifuge, and a dryer working at 100 ◦C, in which
lithium hydroxide monohydrate crystals are obtained. Figure S6 in Supplementary Material
shows the flow diagram with the respective currents. It was decided to use this process
design due to the results obtained from the article by Justel et al. [33], in which three options
of the crystallization process designs are presented. Of these three options, the third one
(which is the one presented in this work) was the best evaluated because it obtained the
lowest energy consumption and the highest production.

The mass and energy balance are presented in Table 8, where the enthalpy values for
each stream are negative; so, it is determined that they correspond to heat flows, which
should be removed for the process to occur. The energy balance for each equipment is:
crystallizer, 0 MJ/kg·s; filter, 0.2 MJ/kg·s; dryer, 3.07 MJ/kg·s.

Table 8. Mass and energy balance for the drowning-out crystallization process of lithium hydroxide.

Flows w/w % Total H

Stream T/K kg/s LiOH·H2O Ethanol LiOH Water MJ/kg·s
1 298.15 100.0000 0.0000 0.0000 0.1278 0.8722 −1655.12
2 298.15 93.0097 0.0000 1.0000 0.0000 0.0000 −579.90
3 298.15 15.5717 14.8302 0.0000 0.5710 0.4290 −288.83
4 298.15 177.4379 0.0000 0.5220 0.0242 0.4538 −1954.32
5 298.15 15.1268 14.8302 0.5220 0.0242 0.4538 −283.75
6 298.15 0.4449 0.0000 0.5220 0.0242 0.4538 −4.88
7 373.15 14.8401 14.8401 0.0000 0.0000 0.0000 −277.93
8 373.15 0.2867 0.0000 0.5220 0.0242 0.4538 −2.76

4.4.2. Lithium Formate

The design of the drowning-out crystallization process for lithium formate is the
same as for lithium hydroxide. The mass and energy balance were only calculated at
298.15 K in order to make a comparison between the two salts; however, since lithium
formate crystallizes with a water molecule up to 364.15 K, the dryer was operated at that
temperature. The results can be seen in Table 9, and the energy balance for each equipment
is: the crystallizer, 0 MJ/kg·s; filter, 0 MJ/kg·s; dryer, 2.03 MJ/kg·s.

Table 9. Mass and energy balance for the lithium formate drowning-out crystallization process.

Flows w/w % Total H

Stream T/K kg/s CHLiO2·H2O Ethanol CHLiO2 Water MJ/kg·s
1 298.15 100.0000 0.0000 0.0000 0.2920 0.7080 −1519.40
2 298.15 46.1320 0.0000 1.0000 0.0000 0.0000 −287.63
3 298.15 27.6230 26.3080 0.0000 0.7430 0.2570 −388.14
4 298.15 118.5090 0.0000 0.3850 0.0800 0.5350 −1434.64
5 298.15 26.8340 26.3080 0.3850 0.0800 0.5350 −378.69
6 298.15 0.2630 0.0000 0.3850 0.0800 0.5350 −9.45
7 364.15 26.3650 26.3650 0.0000 0.0000 0.0000 −371.32
8 364.15 0.4690 0.0000 0.3850 0.0800 0.5350 −5.34

5. Conclusions

• A comprehensive compilation of bibliographic data for lithium hydroxide and lithium
formate, including the activity, osmotic, and solubility coefficients, was undertaken
from various authors. The analysis for lithium hydroxide involved assessing the activ-
ity coefficient data from different sources to identify the most suitable for modeling,
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with the conclusion highlighting the necessity for a more thorough examination of
these experimental data. In contrast, for lithium formate, a similar analysis could not
be conducted due to the limited and generally sparse information available in the
literature.

• The application of the modified Pitzer model to model the thermodynamic properties
was successful for both salts, involving parameterization for both binary and ternary
systems, with an average standard deviation of less than 1%. However, limitations
arose due to the limited data available in the literature. In particular, for lithium
formate in the ternary system, determining the solubility product required the use of
an alternative procedure.

• The examination of the temperature and antisolvent (ethanol) in the ternary system
of lithium formate revealed that higher temperatures lead to an increased precipitate
yield, aligning with expectations. The study also identified the optimal amount of
antisolvent to achieve the highest process yield. In the design of the crystallization
process using the drowning method, for both lithium hydroxide and lithium formate,
three stages were considered: the crystallizer, filter, and dryer. This approach is
advantageous, as it eliminates the need for mixing or recrystallization stages, resulting
in significant energy savings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met14010078/s1, Figure S1: Relative deviation between experi-
mental and calculated values of the activity coefficient at 298.15 K from the data of [1]. The horizontal
lines correspond to the average relative deviations of the fit; Figure S2: Relative deviation between
experimental and calculated values of the activity coefficient at 298.15◦ K from the data of [27].
The horizontal lines correspond to the average relative deviations of the fit; Figure S3: Relative
deviation between experimental and calculated values of the activity coefficient at 298.15◦ K from the
data of [28]. The horizontal lines correspond to the average relative deviations of the fit; Figure S4:
Density at different temperatures; Figure S5: Dielectric constant at different temperatures; Figure S6:
Drowning-out crystallization process of LiOH at 298.15 K; Table S1: Density and dielectric constant
data of ethanol at different temperatures; Table S2: Solubility product, Kps, initial solubility, X0, water
activity, a, amount of CHLiO2 precipitate in mole fraction and g/kg solv, as a function of ethanol
weight percentage, and yield (Y) of the process at 283.15 K; Table S3: Solubility product, Kps, initial
solubility, X0, water activity, a, amount of CHLiO2 precipitate in mole fraction and g/kg solv, as a
function of ethanol weight percentage, and yield (Y) of the process at 293.15 K; Table S4: Solubility
product, Kps, initial solubility, X0, water activity, a, amount of CHLiO2 precipitate in mole fraction
and g/kg solv, as a function of ethanol weight percentage, and yield (Y) of the process at 298.15 K;
Table S5: Solubility product, Kps, initial solubility, X0, water activity, a, amount of CHLiO2 precipitate
in mole fraction and g/kg solv, as a function of ethanol weight percentage, and yield (Y) of the
process at 303.15 K; Table S6: Solubility product, Kps, initial solubility, X0, water activity, a, amount
of CHLiO2 precipitate in mole fraction and g/kg solv, as a function of ethanol weight percentage,
and yield (Y) of the process at 313.15 K.
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