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A THERMODYNAMIC MODEL OF AQUEOUS ELECTROLYTE

SOLUTION BEHAVIOR AND SOLID-LIQUID EQUILIBRIUM IN THE

Li-H-Na-K-Cl-OH-H,O SYSTEM TO VERY HIGH CONCENTRATIONS
(40 MOLAL) AND FROM 0 TO 250 °C

ARNAULT LASSIN*" CHRISTOMIR CHRISTOV:##:: | AURENT ANDRE*, and
MOHAMED AZAROUAL*

ABSTRACT. This paper describes a chemical model that calculates solute and
solvent activities and solid-liquid equilibria in the Li-H-Na-K-Cl-OH-H,O system from
dilute to high solution concentration within the 0 to 250 °C temperature range. The
model coherently extends to Li the temperature-variable H-Na-K-OH-Cl-H,O model of
Christov and Mgller (2004b, p. 1309). The solubility modeling approach based on
Pitzer’s (1973, p. 268) specific interaction equations is used. All binary (LiCl-H,O and
LiOH-H,0) and ternary (LiCl-HCI-H,O, LiClI-NaCl-H, O, LiCl-KCI-H,O, LiOH-NaOH-
H,0, LiOH-KOH-H,0, and LiOH-LiCI-H,0) lithium subsystems are included in the
model parameterization. The model for the LiCI-H,O system is parameterized usin g
two different approaches: (1) with 4 ion interaction binary parameters (B © g®, g

and C®), and (2) with 3 ion 1nteract10n b1nary parameters B, p©, and C®) and
including neutral aqueous LiCI°(aq) species. Approach (2) pr0v1des a better fit of
activity data in unsaturated bmary solutions and accurately predicts solid solubilities up
to 40 mol.kg ™' and up to 250 °C. Therefore, this approach was used to parameterize
lithium chloride mixed systems. Temperature functions for the thermodynamic solu-
bility product (as log K°;)) of 5 simple lithium salts (LiCl.2H,O(cr), LiCl. Hy,O(cr),
LiCl(cr), LiOH. H2O(cr), and L10H(cr)) are determined. The log K values of 3
double lithium basic salts precipitating in the LiOH-LiCI-H, O system at 50 °C (3LiOH.
LiCl(cr), LIOH.LiCl(cr), and LiOH.3LiCl(cr)) are also estimated using solubility data.

Keywords: Lithium, hypersaline aqueous solutions, Pitzer model, thermodynamic
excess properties, solubility, mixed systems

INTRODUCTION

The interest in lithium is increasing because of the difficulties involved in finding
oil substitutes for the world’s energy supply, taking into account environmental
constraints. Itis used, in particular, in batteries (including vehicle batteries and energy
storage devices) and the demand for lithium is expected to increase greatly in the
coming years (Ebensperger and others, 2005; Grosjean and others, 2012; Kushnir and
Sandén, 2012). Large amounts of lithium are found in the salt flats (salars) of the
Altiplanos in South America, mostly in Chile, Argentina and Bolivia (Garrett, 2004;
Risacher and Fritz, 2009), in saline lakes in China (Song and Yao, 2001) and the
United States, and in the Dead Sea (Warren, 2010). There may be other sources of
lithium in other countries and hydrosystems, such as in some geothermal waters
(Pauwels and others, 1993, 1995) and oil brines (Gruber and others, 2011). Regardless
of the source and geochemical cycle of lithium, an understanding of its chemical
behavior is a prerequisite for its exploration, extraction and exploitation, in particular
because of the very high concentrations it can reach in aqueous solutions due to the
very high solubility of the lithium salts.
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Part of this understanding relies on the development of comprehensive thermody-
namic models that accurately predict lithium aqueous chemistry and lithium mineral
solubilities as a function of the composition of precipitates and solution concentration
at high temperature. For example, the study of lithium salt solubility diagrams is of
practical importance with a view to explaining the distribution of lithium ions
in natural evaporate deposits during crystallization of salts as a result of sea
water evaporation and during treatment of natural deposits (Song and Yao, 2001,
2003).

Several authors (Pitzer and Mayorga, 1973; Kim and Frederick, 1988a; Christov
and others, 1994; Ojkova and others, 1998; Song and Yao, 2001; EI Guendouzi and
others, 2003, 2004; Nasirzadeh and others, 2005) have developed 298.15 K Pitzer
equation-based models for Li interactions in binary and mixed sea-type systems. The
standard temperature Pitzer models of Christov and others (1994, 2000) for the
Li-Mg-Ca-Cl-Br-H, O system, of Song and Yao (2001) for Li chloride ternary sub-systems
within the Li-K-Mg-CI-SO -H,O system, of Song and Yao (2003) for the Li-Na-K-Mg-CI-
SO,H,O system, and of Christov (1995) for Li-Mg-Br-H,O at 343.15 K consider
precipitation of lithium minerals. On the basis of their own high temperature osmotic
coefficient data and reference activity data at lower temperature, Holmes and Mesmer
(HM) developed temperature variable models for binary systems LiCl-H,O (Holmes
and Mesmer, 1981, 1983) and LiOH-H,O (Holmes and Mesmer, 1998a). The models
of HM are valid only up to low molality (m,,,,. = 6 mol.kg™ " for chloride and hydroxide
systems) and therefore cannot be used for solid-liquid equilibrium calculations. With
only one exception (LiySeO,-Hy,O model), all of the Pitzer models described in the
literature for Li binary systems (LiClI-H,O, LiBr-H,O, Lil-H,O, LiOH-H,O, LiClO,-
H,O, LiNO4-H,O, Li,SO,-H,O) have used a standard molality-based Pitzer approach
for 1-1 and 1-2 ty{)es of electrolytes with three ion interaction pure electrolyte
parameters (B, B, and €?). Ojkova and others (1998) include in their model for
the LisSeO,H,O system a fourth interaction parameter (8*) from basic Pitzer
equations. Only two temperature variable solid-liquid equilibrium models are available
in the literature for lithium chloride systems: the one from Monnin and others (2002)
for the LiCl-H,O system, which is based on the Pitzer equations for subzero tempera-
tures (up to about 200 K) and on the mean spherical approximation (MSA) model for
temperatures up to 433 K, and the one from Zeng and others (2007) for the
H-Li-Mg-CI-H,O system who used the BET model over the temperature range from 273
to 473 K. There is no model available in the framework of the Pitzer formulation for
temperatures comprised between 273.15 and 523.15 K.

The construction of a comprehensive Pitzer model has, however, been initiated
through a series of experimental measurements and parameterization of XTP- and
pH-variable thermodynamic solid-liquid equilibrium models of highly soluble chlo-
ride, hydroxide, and bromide minerals precipitating within the H-Li-Na-K-Mg-Ca-Al-
Fe (II)-Fe (II1)-OH-CI-Br-HSO ,-SO ,-H,O system (Christov and others, 2000; Christov,
2004, 2012; Christov and Mgller, 2004a, 2004b; Christov and others, 2007). The
resulting consistent and extensible geochemical databases are able to describe com-
plex systems that can be applied to natural and industrial contexts.

The objective of the present work is to continue the development of such a
database, providing the Pitzer parameters that enable the accurate description of the
Li-H-Na-K-CI-OH-H,O system from diluted aqueous solutions up to saturation with
respect to minerals, and from low (273.15 K) to high temperatures (up to 523.15 K).

METHODOLOGY

The specific interaction approach for describing electrolyte solutions to high
concentration introduced by Pitzer (1973, 1991) represents a significant advance in
physical chemistry that has facilitated the construction of accurate thermodynamic
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models (Gueddari and others, 1983; Harvie and others, 1984). It has been shown that
the Pitzer approach could be expanded to accurately calculate ion activity products,
and thus solubilities, in complex brines and to predict the behavior of natural fluids
from subzero temperatures (Marion and others, 2003) to a very high temperature up
to 573.15 K (Pabalan and Pitzer, 1987; Mgller, 1988; Christov and Mgller, 2004a,
2004b; Mgller and others, 2005, 2006, 2007; Christov and others, 2007; Christov, 2009,
2012).

The Pitzer Approach

The Pitzer specific interaction approach (Pitzer, 1973) and model equations for
osmotic and activity coefficients have been discussed in detail in many publications
(see references below). Depending on the chemical system or the range of salinity
studied, the basic Pitzer approach has been used, modified and extended in various
ways. We review here these practices in order to explain our modeling technology,
which has been used to create a model for extremely high concentrated lithium
chloride solutions, with a very strong association at high molality.

Pitzer equations.—We give here only the equation for calculating the logarithm of
the activity coefficient, y,, of a cation M of charge z,; Equation (1) refers to the basic
Pitzer theory (Pitzer, 1973; Pitzer and Mayorga, 1973) and it is expressed here
according to Harvie and Weare (1980). The additional terms given here with equation
(1A) have been introduced later in order to take into account the contribution of
neutral species (Pitzer and Silvester, 1976; Harvie and others, 1984; Felmy and Weare,
1986).
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Subscripts ¢, a and n refer to cations, anions, and neutral species, and the summations
are over the total number of cations, anions, or neutral species. The double summa-
tion index, a < @', denotes the sum over all distinguishable pairs of dissimilar anions.
In equation (1), Band ® are measurable combinations of the second virial coefficients.
C and ¢ are measurable combinations of the third virial coefficients. B and C are
parameterized from single electrolyte data, and ® and i are parameterized from
mixed system data. m; is the molality of species i (i = M, a, ¢, n).
The function F is the sum of the Debye-Hiickel term,

=

74

and terms with the derivatives of the second virial coefficients with respect to ionic
strength (see Harvie and others, 1984). In equation (2), b is a universal empirical
constant assigned to be equal to 1.2. A%, the Debye-Hiickel limiting law slope for
osmotic coefficients, is a function of temperature, density and the dielectric constant
of water (see, Mgller, 1988).

For the interaction of any cation M and any anion ¢, Pitzer assumes that in
equation (1), Bhas the ionic strength dependent form:
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By, = B, + Biglas D (3)
+ By D) (3A)
where g(x) = 2[1 — (1 + x)e "], with x = «a; \f]and a; =2.0

Equation (3) refers to the basic Pitzer theory, while the additional term corresponding
to equation (3A) was introduced afterwards to deal with 2-2 electrolytes (Pitzer and
Mayorga, 1974). Its use has been extended to other types of electrolytes as detailed
below.

The C,;, third virial coefficients (see eq 1) are assumed to be ionic strength
independent. However, some terms containing C,,, parameters have a concentration
dependence given by Z, as:

2= m |z (4)

i

In equation 1, the ® terms account for interactions between two ions 7 and j of like
charges. In the equation for @,
— E
D=0+ "0, (5)

Y

0, is the only adjustable parameter. The F‘O,;j(l) term accounts for electrostatic unsym-
metric mixing effects that depend only on the charges of ions 7 and jand the total ionic
strength.

The ;, parameters are used for each triple ion interaction where the ions ¢, j, kdo
not all have the same sign. Their inclusion is generally important for describing
solubilities in concentrated multicomponent systems.

According to the basic Pitzer equations, therefore, at constant temperature and
pressure, the solution model parameters to be estimated are: 1) B, BV and C* for
each cation-anion pair in the pure electrolytes; 2) 6 for each unlike cation-cation or
anion-anion pair in electrolyte mixtures; 3) {s for each triple ion interaction where the
ions do not all have the same sign in electrolyte mixtures.

During the 1970’s, Pitzer and co-authors determined the ion interaction parame-
ters for a large number of binary and ternary unsaturated solutions of electrolytes.
Using the standard Pitzer approach with three (B, B, and C®) ion-interaction
binary parameters, Pitzer and Mayorga (1973) developed models for 227 pure aqueous
electrolyte systems of the 1-1, 2-1, 1-2, 3-1 and 4-1 types, and Kim and Frederick (1988a)
developed models for 294 binary systems of the same types plus four 1-3 electrolyte
systems. These binary systems models were developed using only activity data (osmotic
coefficients) in unsaturated solutions. That is the precipitation of solid phases was not
considered. Furthermore, the parameterization of Pitzer and Mayorga (1973) (summa-
rized also in Pitzer, 1991) focused on a good representation of activity properties
(osmotic coefficients) of low to moderate molality unsaturated binary solutions alone,
with a maximum molality of 6 m for each model. The parameterization of Kim and
Frederick (1988a) extends the concentration range of application of pure electrolyte
ion-interaction parameters, focusing on the fit of data at high molality. However, for
many binary systems of the type 1-1, 2-1, and 3-1 the concentration extension of Kim
and Frederick parameterization leads to a disagreement with the low molality osmotic
coefficients data, and to much higher standard deviation values, compared to Pitzer
and Mayorga (1973) parameterizations (see Christov 1994, 2004, 2005). More recent
studies have also shown that, for a binary electrolytic solution containing a univalent
species, either cationic or anionic, the standard Pitzer approach gives excellent model
reliability from 273.15 K to very high temperatures (up to 573 K), and from extremely
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low ([Al,,] = 1077 mol.kg™ " in the aluminum hydroxide speciation model (Mgller
and others, 2006, 2007) to very high concentrations [for example, up to 523.15 K and
64 mol.kg™' in the NaOH-H,O system (Christov and Mgller, 2004b); up to 383.15 K
and ~ 14.5 mol.kg™ ! in the CaCl,-H,O system (Christov and Mgller, 2004a); up to
373.15 Kand 7.64 mol.kg™ ' in the MgCl,-H,O system (Christov, 2009); up to 573.15 K
and 18 mol.kg ™' in the NaBr-H,O, and KBr-H,O systems; and up to 523 K and 16.5
mol.kg ~'in the CaBry-H,O system (Christov, 2012)].

Using the binary system parameterization of Pitzer and Mayorga (1973), Pitzer
and Kim (1974) developed models for 52 ternary mixtures of 1-1+1-1 (for example
HCI-LiCl-H,0), 1-1+2-1 (for example NaCl-MgCl,-H,0), 1-1+1-2, 2-1+2-1, and 2-1+2-1
brine-type electrolytes. Once again, mixed system models of Pitzer and Kim (1974)
were developed using only activity data (osmotic coefficients) in unsaturated solutions,
and the precipitation of solid phases was not considered. Pitzer and Kim (1974)
concluded that the mixed models enabled the calculation of the activity coefficients in
the ternary systems under consideration with an accuracy of 2 to 6 percent. Kim and
Frederick (1988b) performed the same work, including in their parameterization
some transition metal chloride systems, for which data were available.

The B® parameter.—Pitzer and Mayorga (1973) did not study 22 (for example
MgSO,-H,0) or higher (for example Al, (SO,)5-H,O) electrolytes. Indeed, they found
that the three-parameter approach (8, 8", and C?, see eq 1) could not accurately fit
the activity data for these types of solutions. For these electrolytes, the mean activity
coefficient, ., and the osmotic coefficient, ¢, drop very sharply in dilute solutions,
while showing a very gradual increase, with a very broad minimum at intermediate
concentrations. Pitzer and Mayorga (1974) concluded that this behavior was due to ion
association reactions and that the standard approach with three estimated solution
parameters cannot reproduce it. This led to a further modification of the original
equations for the description of binary solutions by introducing an additional parame-
ter, B, and its associated \/TI term in the B,;, equation (see eq 3A). Pitzer and
Mayorga (1974) presented these parameterizations assuming that the form of the
excess functions (thatis 3 or 48 and C? values, as well as the values of the a terms) vary
with the type of electrolyte. For binary electrolyte solutions in which either the cationic
or anionic species are univalent (for example NaCl, Na,SO,, or MgCl,), the standard
Pitzer approach uses 3 parameters (that is omits the 8* term) and a; equals 2.0. For the
2-2 type of electrolytes, the model includes the B'* parameter, &, equals 1.4, and a,
equals 12. This approach provides accurate models for many 2-2 electrolytes, and gives
an excellent representation of activity data covering the entire concentration range
from low molality up to saturation and beyond.

On the other hand, some authors found that some restrictions limit the potential
of the standard Pitzer model to correctly describe activity and solubility properties in
some binary electrolyte systems containing a univalent species at very high molality.
One major factor determined these restrictions: type of ¢ vs. m, or y. vs. m depen-
dences at high concentration. For all of these systems, ¢ vs. m, or y. vs. m curves have a
broad maximum at molality approaching the molality of saturation (“CaCl, type”)”.
This “broad maximum” type of @ vs. m, or y. vs. mdependence for highly concentrated
solutions has been modeled using various extended versions of the Pitzer model, such
as mole fraction models (Petrenko and Pitzer, 1997), multi-parameters models (Grusz-
kiewicz and Simonson, 2005), two C? extension models (Palmer and others, 2002), by
inclusion of complex aqueous species [such as CaCl" (aq), Sterner and others, 1998],
or by accounting for temperature variations in a; and a, terms (Holmes and Mesmer,
1998b). In the case of the 3-2 electrolyte, Al,(SO,);, Reardon (1988) used the
4-parameter Pitzer approach (that is including ') and values of 2 and 50 for «; and
o, respectively. To describe the high concentration solution behavior of systems
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showing a “smooth” maximum on v.. vs. m dependence, and to take strong association
reactions at high molality into account, a very simple modeling technique was
proposed: using the 4-parameter Pitzer approach and varying the values of a; and o,
terms. This approach was used for various types of binary electrolyte systems at 298.15
K: 1-1 (for example, HNO4-H,O in Christov, 2005), 2-1 (for example, CuCly-H,O in
Christov, 1994), 1-2 (for example, NayCr,O,-H,O in Christov and others, 1999), 3-1
(for example, FeCl3-H,O in Christov, 2004), and 3-2 types (for example, Al,(SO,) 3(aq)-
H,O in Christov, 2001a). The resulting models reduce the standard deviation (o)
values of experimental activity data fitting and extend the application range of the
binary system models to the highest molality, close or equal to the molality of
saturation, m(sat). It was found that by varying the values of a; and a, terms, it was
possible to vary the concentration range of binary solutions at which association
reactions became more important, and this should be taken into account when
introducing the B® parameter. According to Christov (2005), a model that uses o; =
1.4 and o, = 12 takes association reactions into account only for low molality solutions,
while combinations of &; = 2 and o, = (1 or —1) can be used if ion association occurs
at higher molality. All these approaches for binary systems were successfully used to
develop models of multicomponent systems such as Na-K-Cl-SO,-Cr,O,-H,O (Chris-
tov, 1998, 2001b), or K-Mg-Al-CI-SO,-H,O (Christov, 2001a). On the other hand, to
correctly describe the very low solubility of portlandite (Ca(OH)y(cr)) in pure water, a
case of 2-1 electrolyte: Ca(OH)o-H,O, Christov and Mgller (2004a) also used the (3
4-parameter approach (with a; = 1.4 and a, = 12) in their 273.15 - 573.15 K model
instead of introducing the well-defined Ca(OH) * (aq) species.

For many of the binary solutions considered above, there is, however, experimen-
tal evidence of the formation of aqueous complexes [for example CuCl' (aq),
AISO," (aq), or FeCl*" (aq)] that are taken into account in other approaches of
aqueous solution chemistry. Although the solution model developed with the 4-param-
eter Pitzer approach with no aqueous complexes differs from others that take into
account aqueous complexes for the same solutions, it is simple and provides an
accurate description of the thermodynamic properties, including solubilities.

Ion association.—In some instances, there are much stronger bonds formed
between some ionic species than can be modeled with Pitzer type equations, and it is
necessary to consider the formation of particular aqueous species (Harvie and others,
1984; Felmy and Weare, 1986; Mgller, 1988; Greenberg and Mgller, 1989; Rard and
Clegg, 1997; Sterner and others, 1998; Pitzer and others, 1999; Christov and Mgller,
2004b; Mgller and others, 2005, 2006, 2007). Harvie and others (1984) discussed the
correlation between the ion pairing and the B® parameter for rather low molality.
They provided a key for selecting one option instead of another: for strong ion
associations, B® takes strong negative values indicating that using an ion association
approach, with an association constant, is more efficient and should be preferred. The
adding of a charged contact ion pair to the solution model requires the determination
of not only a stability constant to describe the ion pair, but also ion interaction
parameters between the ion pair and each of the other species in the solution. For
example the 273.15 K-523.15 K model of Christov and Mgller (2004b) for the binary
system Hy,SO,-H,O was developed by including the contact ion pair HSO, (aq) and
therefore the system is considered to be a mixed system H-HSO,-SO,-H,O. As a result,
the model development required the determination of the chemical potential of the
bisulfate ion (w’(HSO, (aq))) and the consideration of many potential interactions:
H-HSO,, H-SO,, SO -HSO,, H-SO,-HSO,. The complications associated with adding
the HSO, (aq) ion pair increase in the case of mixed sulfuric acid systems. For
example, in order to develop an accurate model for Hy,SO,Ko,SO,-H,0, it was
necessary to estimate, in addition to all of the sulfate parameters, T-variation bisulfate
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parameters of K-HSO,, K-H-HSO,, and K-SO,-HSO, interactions, and to determine
the chemical potential of bisulfate solids, using only the available solubility data.
However, in most cases, the very limited experimental database that does exist does not
make it possible to determine the pure electrolyte parameters for these ion pairs (for
example parameters for FeCI?"-Cl™ interactions). The inclusion of an ion association
reaction in a Pitzer-based model without appropriate ion interaction binary and
mixing parameters determined from an extensive and parameters-sensitive experimen-
tal database can lead to inappropriate and even completely wrong activity and
solubility model predictions.

In spite of spectroscopic or other experimental indications that a particular
complex exists in a solution, it might be possible to develop a sufficiently accurate
solution model to describe the excess properties without including explicitly these
complexes. Indeed, in light of the above considerations, simple evidence of ion-
association in concentrated solutions is not a sufficient reason for incorporating ion
pairs in a Pitzer-based activity model. Reasons for introducing a contact ion pair in the
Pitzer based activity model would include 1) a failure to accurately predict observed
thermodynamic properties such as osmotic/activity coefficients and solubilities in
binary and complex systems, 2) a pH-dependent behavior of binary systems, and 3)
experimental evidence of the abundance of the contact ion pair compared to the
dissociated aqueous species, which evidences the strength of the ion association.

Binary and Mixed Systems Including Neutral Species [see eq (1A)]

Fluids commonly encountered in natural systems include dissolved neutral spe-
cies such as carbon dioxide (COg(,q)) and silica (SiOy,q,). Further development of
Harvie and Weare’s (1980) model to include carbon dioxide and its hydrolysis
products (Harvie and others, 1984) required an additional modification of fundamen-
tal Pitzer equations. This modification included terms, A, or A,, to account for
interactions between neutral solutes, n, and dissolved cations, ¢, and anions, a. The
behavior of COy,q) in NaCl-H,O solutions could then be described by the following
neutral species-ion interaction parameters: Acos na» Acog,cr- Analyses of interactions in
more complex natural waters demonstrated the need to add an additional interaction
parameter, {,.,, to account for ternary interactions between an anion, a cation and a
neutral solute (such as {09 Nacp: Felmy and Weare, 1986). Using spectroscopic
measurements, Felmy and others (2001) further developed their model by introducing
polymerized silica species in order to describe the behavior of silica at high pH. To
describe the extremely low solubility of calcium sulfate solids in pure water and in the
mixed Na-K-Ca-Cl-SO,-H,O system, Mgller (1988) and Greenberg and Mgller (1989)
also included the neutral CaSO(aq) species without evaluating CaSOf(aq)-ion interac-
tion parameters. The neutral Al(OH)g(aq) species is also included in the aluminum
hydroxide speciation 273.15-563.15 K model described in (Mgller and others, 2006,
2007). The inclusion of this aqueous complex together with estimated Al(OH)g(aq)-
ion interaction parameters into a model gives an excellent fit of experimental gibbsite
Al(OH)4(cr) and boehmite AIOOH (cr) solubility data in the intermediate pH range.

Parameterization

We therefore propose the following parameterization procedure for models
based on Pitzer formalism for binary electrolyte systems with at least one univalent ion,
or of 3-2 type:

(i) Parameterize a standard Pitzer equation model using three single electrolyte
interaction parameters (B(O), B(l), and C?).

(ii) If model predictions are not in agreement with raw experimental activity and
solubility data, develop a new model using four interaction parameters from
basic Pitzer equations B, Y, B and C*). Vary the values of o) and o,
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terms to achieve the best fit of data for the entire concentration and
temperature range.

(iii) If neither (i) nor (ii) provides an acceptable fit, include in the model one or
more ion pairs with their stability constant and binary and mixing ion
interaction or neutral species-ion interaction parameters for all aqueous
species. To avoid the redundancy of having both the ® parameter and the
contact ion pair to account for the ionic association in solutions it is
preferable to develop a three parameter model (B, 3", and C¥) adapted
to complex-free solutions.

(iv) Confirm the suitability of the accepted models for binary systems by develop-
ing accurate models for higher-order mixed systems, where aqueous solu-
tions can be more concentrated than in the binary systems.

According to Pitzer’s theory, the B® parameter fully accounts for association
reactions at low molality for 2-2 electrolyte systems. Therefore, including a contact ion
pair in a model for this type of system is inappropriate and can lead to erroneous
model calculations of the solubility product of precipitating solids (Christov, 2012).

The temperature-variation model for lithium binary and mixed system solubility is
developed using the following classical approach. Activity data for unsaturated solu-
tions are used to estimate interaction parameters for low and moderate electrolyte
concentrations. Solubility data in binary and mixed solutions are also used to broaden
the temperature and concentration ranges of parameterization. Using the same
approach as in previous studies, in order to avoid the overlapping of pure electrolyte
and mixed solution parameters, we developed the models for Li binary systems using
only the data for these binary systems, and mixed solution models were parameterized
using only data for a mixed system. In our binary and mixed model parameterization
we used only raw experimental thermodynamic values (osmotic coefficients, water
activity, and minerals solubility) derived directly from experimental measurements
(isopiestic and vapor pressure studies, and solubility experiments). Results of the
parameterization are expressed in terms of standard deviation (o), as defined in
Christovand Mgller (2004a). Note that the mean activity coefficients recommended in
the literature are model-dependent and are therefore not used in the parameteriza-
tion process. However, some of these data are compared to our results to evaluate the
solution models for Li binary systems.

The new Li models are parameterized using PEST (Doherty, 2004), a software for
model-independent parameter estimation and uncertainty analysis, in combination
with PhreeqC v2.15 (Parkhurst and Appelo, 1999), used for the calculation of the
excess properties of aqueous solutions. PhreeqC includes the Phrqpitz modules
(Plummer and others, 1988), which are based on the Pitzer formalism. We modified
the PhreeqC code in order to be consistent with the temperature function used by
Christov and Mgller (2004b) for the solution parameters. The Debye-Hiickel parame-
ter A® is adapted in PhreeqC using the equations of Bradley and Pitzer (1979) and of
Pitzer and others (1984). Mgller (1988) used the same A® data (from Pitzer and others,
1984) to develop her T-function. Therefore, both temperature functions give almost
the same A® values (with less than 0.066% difference) at every temperature between
273.15 and 523.15 K.

We used two different equations to describe the temperature dependence of
model parameters. Temperature dependence for the thermodynamic solubility prod-
uct (as Log Kosp) and the equilibrium dissociation constants of ion pairs (as Log K) is
built into the model by adjusting selected constants in the following equation:

Log K= A, + A,;T + Ay/T + A, Log(T) + A,/ T? (6)
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For Pitzer ion-ion and neutral species-ion binary and ternary interaction parameters
(P), the temperature function is the same as in (Christov and Mgller, 2004a, 2004b):

P(T)=a, + a,T +a; T2+ a,T> + a,/T + a5 In(T) + a,/(T-263) + a5/ (680-T)
(7)

In equations (6) and (7), temperature is in Kelvin, and A; (= 1to 5) and a,; (j= 1 to 8)
are the parameters to be adjusted. In some cases, parameters A, can be directly derived
from sets of standard thermodynamic properties including Gibbs free energy, en-
thalpy, entropy and heat capacity (see for instance Blanc and others, 2012). We
determined Log K, values for Li minerals using the estimated model solution
parameters and experimental equilibrium solubility data in binary and mixed Li
systems.

MODEL PARAMETERIZATION AND RESULTS

Christov and Mgller (2004b) described the temperature dependent (from 273.15 K
to 523.15 K) high quality models of solution behavior and (solid-liquid) equilibrium
for all binary and mixed sub-systems in the quinary H-Na-K-CI-OH-H,O system. These
models are in excellent agreement with data for low molality activity, E.M.F, and
K,/Q,, for unsaturated solutions, and with data for high-concentration acid-base
mineral solubility data. We have developed a model for lithium mixed systems
(Li-H-Na-K-Cl-OH-H,O) using the parameterization from Christovand Mgller (2004b)
without any additional adjustments of the values for the binary and mixed ion-
interaction parameters and the chemical potential of sodium and potassium chloride
and hydroxide minerals. The remaining models to be considered to complete the Li
brine system series are those for binary (LiCl-H,O and LiOH-H,O) and ternary
(LiCI-HCI-H,O, LiCl-NaCl-H,O, LiCI-KCI-H,O, LiOH-NaOH-H,O, LiOH-KOH-H,O,
and LiOH-LiCI-H,O) systems. All of these lithium subsystems are included in the
model parameterization presented here.

For parameterizing equilibrium models that can predict aqueous solution behav-
ior and solid-liquid equilibria in binary and complex systems, the most reliable and
complementary experimental data are low- and high-molality osmotic coefficient
and/or water activity data and solid solubility data (Christov, 2005, 2012). This type of
data is therefore used throughout our study.

Binary LiCl-H ,0 System

Selection of experimental data.—Numerous experimental data, both for solution
properties and solid solubility, are available for the simple binary LiCl-H,O system at
various temperatures and molality (table 1). Aqueous solution properties are mostly
restricted to moderate salinities and seldom reach or approach the solubility of solid
phases for the LiCl-H,O system (fig. 1). Osmotic data are available for LiCl molalities
ranging from 0.001 to 20.95 mol/kg at 298.15 K (Robinson and Stokes, 1949; Hamer
and Wu, 1972), from 0.1 to 18.6 mol/kg between 273.15 and 373.15 K (Gibbard and
Scatchard, 1973; Patil and others, 1990), from 7.42 to 20.95 at 428.15 K (Brendler and
Voigt, 1994), from 0.68 to 6.30 between 498.15 and 523.15 K (Holmes and Mesmer,
1983). Additional osmotic data are provided at 318.15 and 353.15 K, but only for LiCl
molalities up to 4.8 mol/kg (Hellams and others, 1965; Moore and others, 1972) and
between 383.15 and 473.15 K for molalities up to 6 mol/kg (Holmes and Mesmer,
1981). Vapor pressure measurements above LiCl aqueous solutions have been done by
Kangro and Groeneveld (1962) up to 20 mol/kg, at 293.15 and 298.15 K. These data
are not used in the parameterization. However, we used these high molality data to
validate the model with an independent check, after conversion of vapor pressure into
osmotic coefficient.
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Fig. 1. Experimental aqueous (osmotic coefficient, ¢) and solubility data used for the LiCl-H,O binary
system, as a function of temperature. Crosses represent aqueous data: from Gibbard and Scatchard (1973)
for 273.15 to 373.15 K; from Robinson and Stokes (1949) and from Mikulin (1968) at 298.15 K; from
Hellams and others (1965) at 318.15 K; from Moore and others (1972) at 353.15 K; from Holmes and
Mesmer (1981) for 383.15 to 473.15 K; from Brendler and Voigt (1994) at 428.15 K (not included in
parameterization); from Holmes and Mesmer (1983) for 498.15 to 523.15 K. Black diamonds represent
solubility data for LiCl.nH,O (cr) solids (n = 0, 1 or 2) from compilations of Linke (1965), Zdanovskii and
others (1973), and Garrett (2004), and from Farelo and others (2005). Triangles represent phase transition
(292.55 K: LiCl.2H,O (cr) to LiCL.LH,O (cr) and 369.15 K: LiCL.LH,O (cr) to LiCl(cr)) points of Kirgintsev and
others (1972). Gray diamonds represent high temperature (473.15 K and 523.15 K) LiCl(cr) solubility
calculated using solubility-temperature relationship given by Monnin and others (2002) (their table 1) and
based on the compilation of Cohen-Adad (1991). Circles represent LiCL.H,O(cr) solubility at 273.15 K
(Garrett, 2004) and 283.15 K (Zdanovskii and others, 1973) (notincluded in parameterization).

Data from Brendler and Voigt (1994) at 428.15 K have been excluded from
parameterization. The main reason for exclusion of these data is their inconsistency
with data from others at other temperatures, and with predictions of our final LiCl
model. According to our test, this inconsistency is mainly due to an inappropriate
solution model for the reference solutions used in Brendler and Voigt (1994)
experiments. They used MgCl, as the reference electrolyte. According to the authors,
the reported osmotic coefficient data for MgCl, do not permit development of
accurate model for aqueous MgCl,-H,O solutions. Therefore, in their calculations of
the osmotic coefficient of LiCl, Brendler and Voigt (1994) used the data for reference
standard from Valyashko and others (1987), and not a prediction of the MgCl,-H,O
model of Pabalan and Pitzer (1987). This may in turn lead to questionable calculated
values of the osmotic coefficient of LiCl aqueous solutions. The model for MgCl,
implemented in our database is from Christov (2009), which gives osmotic coefficients
predictions much closer to the Pabalan and Pitzer (1987) model, than to the data from
Valyashko and others (1987), at least up to 100 °C. Using Christov (2009) model for
interpreting isopiestic measurements of Brendler and Voigt (1994) leads to values of
osmotic coefficients for LiCl aqueous solutions lower than recommended by these
authors. All osmotic coefficients data available in literature for LiClI-Hy,O systems are
shown on figure 1.



216  Arnault Lassin & others—A thermodynamic model of aqueous electrolyte solution

According to the experimental solubility data there are three solid phases, which
precipitated from saturated binary LiCI-H,O solutions from 273.15 K to 523.15 K:
LiCl.2H,O(cr) (from 273.15 K to ~293.15 K), LiCLH,O(cr) (from ~293.15 K to
~367.15K), and LiCl(cr) (from ~367.15 K to ~523.15 K). According to Kirgintsev and
others (1972), LiCl.2H,O(cr) to LiCL.H,O(cr) and LiCL.H,O(cr) to LiCl(cr) phase
transitions in contact with the aqueous solution occur at 292.55 and 19.45 mol /kg, and
369.15 K and 30.27 mol/kg, respectively. According to solubility data, as well as to the
solubility-temperature relationship given by Monnin and others (2002) (see their table
1), which is based on the compilation of Cohen-Adad (1991), the solubility of lithium
chloride solids sharply increases with temperature: from ~20 mol/kg at a temperature
of 293.15 to 41 mol/kg at 523.15 K. The LiCl.2H,O(cr), LiCl.LHyO(cr), and LiCl(cr)
solubility data used in parameterization for temperatures between 273.15 and 433.15 K
are from Farelo and others (2005) and from compilations of Linke (1965), Zdanovskii
and others (1973) and Garrett (2004). At higher temperature (473.15 and 523.15 K)
the smoothed data of Monnin and others (2002) are used. With only two exception sets
[LiCl.2H,O (cr) solubility at 273.15 K (Garrett, 2004) and at 283.15 K (Zdanovskii and
others, 1973)] the data are in a very good agreement. Therefore, only these two
inconsistent data points were excluded from parameterization. All available solubility
data are also given in figure 1. As can be seen, there is a lack of activity data for high
concentrated unsaturated LiCl-H,O solutions at high temperatures above 373.15 K.
Therefore, it was a big challenge to evaluate pure electrolyte parameters describing
accurately the solution behavior for the whole molality range up to saturation,
especially at high temperature.

Model parameterization.—The parameterization procedure involves two different
steps for each system under consideration: first binaries, then ternary sub-systems. For
a monovalent electrolyte like LiCl, a simple fully dissociated representation of the
system should allow the description of its behavior as a function of salinity and
temperature, the associated Li *-Cl~ temperature-dependent specific interaction param-
eters being [3(0), B(]), and C®. However, as pointed out by Monnin and others (2002)
and discussed below, due to the very high solubility of lithium chloride, this simple
chemical representation does not describe the experimental data accurately enough.
For systems that can be very highly concentrated or show a strong curvature of the
osmotic coefficient at high salinities, some authors add the §® interaction parameter
in their fitting procedure (Zhou and others, 2003; Christov, 2005), with a value of =1
for the related oy, parameter. In some cases, o, is also adjusted (Rumyantsev and
others, 2004; Zhang and others, 2005). The B(Q) parameter was originally introduced
by Pitzer (see The @ parameter section above) to deal with symmetrical 2:2 electro-
lytes. We tested this option and call it “model 1”7 below.

This work aimed to produce interaction parameters that are compatible with an
extensive existing database. Instead of the B® interaction parameter, we included the
LiClo(aq) neutral aqueous species in the chemical description of the system, in
addition to the Li* and CI™ ions, in order to improve model performance. As a
consequence, the specific interaction parameters, Nyiyic Aaricr and icric, and
the equilibrium constant for the Li* + CI” = LiClO(aq) reaction had to be included
in what we call “model 2” below. However, in order to reduce the number of
parameters to be fitted, we set these neutral species-ions interaction parameters to 0 in
a first approximation. This enabled us to describe with a high level of confidence the
whole set of experimental data for both osmotic coefficient and minerals solubility (see
below).

There are few available data on aqueous properties up to saturation with respect
to mineral phases at high temperatures (>373.15 K). Depending on the model (1 or
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2), we were able to fill this gap using aqueous and solubility data simultaneously in the
fitting procedure.

For both models, parameters were fitted with the numerous experimental data
that cover a wide range of temperatures (from 273.15-523.15 K) and salinities (from 0
to 20 mol/kg for osmotic coefficients (fig. 2) and up to 41 mol/kg for mineral
solubility data (fig. 3). On the whole, model 2 describes experimental data better than
model 1. The standard deviation, o, for the entire set of osmotic coefficient data (349
points) is 0.0534 for model 1 and 0.0221 for model 2. The 16 experimental osmotic
coefficients from Brendler and Voigt (1994) and the 36 data points (calculated from
vapor pressure measurements) from Kangro and Groeneveld (1962) were included in
the calculation of the deviation. They are only used here to check the quality of
parameterization and point out discrepancies. The standard deviation, o, for the whole
set of solubility data (43 points), is 0.2922 for model 1 and 0.1380 for model 2. Model 2
reproduces experimental solubility data up to 523.15 K and 41 M of LiCl, whereas
model 1 fails at temperatures above 490 K and molalities above 37 M.

More detailed information on standard deviations for the two experimental
datasets (osmotic coefficient and mineral solubility) is given in table 1.

Specific interaction parameters were plotted as a function of temperature (fig. 4).
For model 2, all parameters vary smoothly with temperature, and B” and " even
have an almost linear temperature dependence. These are good model stability
criteria. The parameters of the temperature functions consistent with equation (2) are
given in table 2.

The adjustment procedure also provides temperature functions for equilibri-
um constants for the dissolution reaction of LiCl.nH,O(cr) salts (n =0, 1 or 2):
LiCLnH,O(cr) = Li* + CI” + n H,0, and for the formation of the contact ion pair
LiCl’aq in model 2. The relevant parameters are given in table 3 and equilibrium
constants have been plotted, alongside literature values for comparison, as a function
of temperature (fig. 5). Equilibrium constants for LiCl.LH,O(cr) and LiClL.2H,O((cr)
come from Monnin and others (2002). The value at 298.15 K for LiCl.H,O (cr) is from
Christov (2005). The functions determined by us are in rather good agreement with
these data. Values for LiCl(cr) come either from Monnin and others (2002) or were
calculated using the standard thermodynamic properties of LiCl(cr) formation (AHJS’,-
$° and C,) determined by Chase (1998) from calorimetric measurements, and of
Li" and CI™ ions determined by Shock and Helgeson (1988) using the CODATA
(1978) recommended values for the elements and aqueous species. Our results are
much more consistent with the calorimetric data of Chase (1998) than with those of
Monnin and others (2002). We also checked our models by comparing the invariant
points in the LiCl-H,O system calculated using models 1 and 2 to experimental data
(table 4). The match is satisfactory—the slight discrepancy being due to the smoothing
of the temperature function of the salt crystal solubility products.

Activity Coefficients, Activity of Water and Relative Humidity

As a result of the fitting procedure, individual activity coefficients for Li" and C1~
can be calculated as a function of total molality of dissolved LiCl at various tempera-
tures. As indicated by Plummer and others (1988), individual-ion activities and activity
coefficients (eq 1) cannot be measured independently: only the mean activity coeffi-
cient of a neutral combination of two ions of interest can be measured. If the dissolved
electrolyte is fully dissociated, the mean activity coefficient (v..) is calculated from the
individual activity coefficients according to: v+ = (Vri+ Ya-) 172 'If dissociation is not
complete, the degree of dissociation (8) must be taken into account (Zhang and
others, 2011). The mean activity coefficient is then rewritten as: y. = 8 X (Y4 Ya-) 1/2
where 8 = m(Li") /[m(Li") + m(LiC1°)].
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Fig. 2. Calculated (lines) and experimental (diamonds) osmotic coefficients, ¢, for the LiCl-H,O
binary system as a function of total molality of LiCl: (A) at 273.15 K, (B) at 298.15 K, (C) at 335.65 K, (D) at
373.15K, (E) at443.15 K, (F) at 523.15 K, and (G) at 428.15 K (not used in parameterization). Experimental
data—see figure 1 caption. Dashed lines are values calculated with model 1 (without the LiCl’(aq) neutral
species, but with o, and B® parameters) and solid lines are values calculated with model 2.
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Fig. 2 (continued)

Mean activity coefficients calculated in this manner were plotted (fig. 6) and given
in table 5 for comparison with recommended values from the literature. LiCl mean
activity coefficients are extremely variable (between <1 at low salinities and/or at high
temperatures and >60 close to mineral saturation at low temperatures). Mean activity
coefficients calculated with model 2 are generally closer to the values recommended in
the literature than results of model 1 (table 5). None of the models available in the
literature provide mean activity coefficients over the entire range of temperatures and
concentrations covered in table 5. This illustrates the complexity of the system and the
good performance of the models described here.

As an ultimate test of our models, calculated values for deliquescence relative
humidity (DRH), the osmotic coefficient and the mean activity coefficient of LiCl at
saturated lithium binary solution at 298.15 K are compared to recommended experi-
mental values and the results of reference models (table 6). A good agreement is
obtained with recommended experimental data, in particular for model 2 that
provides better results than the reference models listed in the table.
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Fig. 3. Experimental (symbols) and calculated (lines) solubility of LiCl.nH,O(cr) (n = 0, 1 or 2) solids
as a function of temperature in the LiCl-H,O binary system. Experimental data—see figure 1 caption.
Dashed lines are values calculated with model 1 (without the LiClO(aq) neutral species, but with o, and g™
parameters) and solid lines are values calculated with model 2.

All performed tests and calculations show that predictions of model 2, which uses
the neutral ion pair LiCl’(aq), are more consistent with experimental data than the
predictions of more widely used model 1. It is possible that total dissociation of
dissolved species in extremely high salinity LiCl-H,O solutions is not complete, and to
account for the strong association at high molality it is necessary to introduce the ion
pair LiCl°(aq) into the model.

Aqueous Speciation

Since dissolved LiCl is not fully dissociated, Li and CI speciation in the aqueous
solution was calculated. The LiClO(aq) mol percent, equal to 100 m(LiClO(aq)) /
m(@Li*) + m(LiClo(aq))], is plotted in figure 7 as a function of total LiCl molality at
various temperatures. At low temperatures, from low concentrations up to about a
molality of 10 mol/kg, the dissolved LiCl is almost fully dissociated. This is consistent
with the classic use of the Pitzer approach. At higher molalities, the neutral LiCl°(aq)
contact ion pair is increasingly abundant, which is in agreement with the experimental
observation of a contact ion pair made by Rudolph and others (1995), using Raman
spectroscopy, in LiCl aqueous solutions at 295 K. These authors observed this neutral
species for salt/water molar ratios of less than 1:4, which corresponds to a molality of
about 14 M and is consistent with the results of model 2. Moreover, as the temperature
increases, the fractions of the LiClO(aq) species increase, indicating a stabilization of
this species with temperature. This is in agreement with the evolution of the dissocia-
tion constant with temperature (above 673.15 K) as reported by Sverjensky and others
(1997). As an illustration of this, we have plotted LiCl speciation along the solution-



behavior and solid-liquid equilibrium in the Li-H-Na-K-Cl-OH-H ,O system 221
0
0.6 1™ LiCI-H,0, model1 _
\\ = ~ -0.0005
0.4 < :
\ g N -0.001
02 PO—0 7 e
\ e T -0.0015
s 07 X /| -0.002
& /. ’/’
e AN / 0.0025 &
&-04 {B® \ / -0.003
s A / '
&-0.6 - SN / -0.0035
\ /
'0.8 T v \ / -
y N Y 0.004
1 4ce” S~ 7 -0.0045
-1.2 - - - - - -0.005
250 300 350 400 450 500 550
T/IK
0.6 - 0
\ LiCl-H,0, model 2 "
0-5 1 \ o pm o -0.0005
\ /
\ s
04 N \\\ //
g e -0.001
? 0.3 1 Pl o
= N /
@ \ / -0.0015
0.2 g
7 s BO
o1 p -0.002
/ _____________
-
s
0 T T T T T '0.0025
250 300 350 400 450 500 550
T/IK

Fig. 4. Estimated pure electrolyte parameters for the LiCI-H,O binary system from 273.15 to 523.15 K:
(A) model 1 (no LiCI’(aq)): B (Li",Cl17) (solid line), B(l)(Li+,Cl’2 (long-dashed line), B® (Li*,Cl7)
(

(dot-dashed line), and C® (Li*,Cl™) (short-dashed line), (B) model 2:

(long-dashed line), and C* (Li",Cl7) (short-dashed line)

Li*,C17) (solid line), M (Li*,CI7)

mineral equilibrium line (fig. 8). Up to 523.15 K, the total number of aqueous ions
(my;4 + mg_) never exceeds the number of water molecules (55.508 mol/kg). This is
qualitatively consistent with studies that report that at high concentrations—up to at
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TABLE 2

Fitting constant values (eq 7) for the binary solution interaction parameters”

Binary Parameters T range Constants (T in degrees Kelvin)
system W9 a1() ay(T) ay(T°) as(I/T)  aq(In(T))
BOWLI™-CI) 0-220 0.5015472 -2.206d-03 2.349d-06 45.28407 0
LiCl-H,0  BYLi™-cl) 0220  13.21831  -0.071394 8.772d-05 85.25804
Model 1 BA(Li*-Cl) 0-220  -6.01484  0.030441 -3.530d-05 0
CoLi’™-CI) 0-220  -0.02991  9.91d-05 -9.60d-08 1.51258
BOLi-Cl) 0-250 0.2185836 -2.51d-04 0 9.696362

[=NeNelleNoNellsBo e

;}Sé;;o BOLi-Cl) 0250  -0.583294 2.165d-03 0 3.722014
CoLi'-CI) 0-250  -0.01755  1.64d-05 0 3.56052
BOLI-OHY) 0-200 0.121114  -3.45d-04 0 3.917769

LiOH-H,0 BM(Li*-OH7) 0-200  1.235033 -3.984d-03 0 101.9411
CoLi-OH) 0-200  1.00d-10  2.51d-06 0 -0.51131

*The constants a,, a; and ag in equation (7) are zero for all of the above interaction parameters. The
temperature range for each parameter is the temperature range of experimental data used in model
parameterization and/or validation.

" Model 1 includes only Li* and CI~ aqueous species, with a; = 2 and a, = 1.

© Model 2 includes the three aqueous species Li*, Cl~ and neutral LiCl’(aq).

least 18.5 m—a hydration shell is preserved around Li " ions (Tanaka and others, 1987;
Egorov and others, 2003; Petit and others, 2008), even if the water content of this
hydration shell can drop to two water molecules (Harsanyi and others, 2011). How-
ever, for such high salinities, the system can hardly be considered to be an aqueous
solution. This means that, using the specific interaction parameters, the Pitzer formal-
ism can describe, in the same way, different chemical processes.

Conversely, with a fully dissociated description of the dissolved LiCl, the relative
quantities of water molecules and ionic species would be conducive to the formation of
a majority of contact ion pairs, but without any possibility of creating covalent bonds.
The creation of covalent bonds would lead to the formation of neutral complexes,
which is impossible due to the initial hypothesis of fully dissociated LiCl. These
contradictory arguments support the second model proposed here, which is used
hereafter for dealing with ternary systems.

Binary LiOH-H,0 System

The recent parameters provided by Monnin and Dubois (2005) allow describing
the osmotic coefficients of LiOH aqueous solutions as a function of temperature up to
the solubility of LiOH solid salts. However, new experimental measurements of
osmotic coefficient were published at the same time by Nasirzadeh and others (2005),
which could not be used by Monnin and Dubois (2005). Furthermore, the behavior of
osmotic coefficients calculated with Monnin and Dubois’ parameters beyond the
solubility limit of LiOH salts become instable, and the possibility to extend the use of
this set of parameters to ternary systems involving highly soluble salts, like LiCl, NaOH
or KOH, is questionable. For these reasons, a new set of temperature-dependent
interaction parameters for the LIOH-H,O binary system is determined hereafter.

Selection of experimental data.—Solution property data cover the aqueous solution
domain in terms of molalities and temperatures better in the LiOH-H,O binary system
than in the LiCl-H,O system (fig. 9). However, aqueous data is still lacking for the
region near the solid-aqueous solution equilibrium at temperatures above 298.15 K.
They range from 0.1 to 5.0 mol/kg for temperatures comprised between 298.15 and
363.15 K (Mikulin, 1968; Nasirzadeh and others, 2005). At 383.15 K [close to the
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TABLE 3

Values of fitting constants (eq 6) for log K of formation of aqueous complex and dissolution

of solid phases
Compound T range Constants (T in degrees Kelvin)
(oM Ai(-) Ay(T) As(1/T) Aqlog T) As (1UT%)
LiCL.2H,O(cr)  0-20  160.892123 0.11350914 1.1932293  -76.955468 0
Model 1 LiCLLH,O(cr)  0-110 19.720829 -0.0036038 1.1316800 -5.410474 0
LiCl(cr) 90-160  14.6380406 -0.0140304 1.2298564 -1.458678 0
LiCl%aq) 0250  -3.5869 0.007566 -1254.4 0 0
LiCl.2H,0(cr)  0-20 6.1532 -0.0064179 0 0 0
LiCLH,O(cr)  0-110  36.2702 0.005655998 2.696341 -13.2627354 0
Model 2 LiCl(cr) 90-250  29.9783 -0.004068 1.15421 -9.05005 0
3LiOH.LiCl(er) 50 9.269 0 0 0 0
LiOH.LiCl(cr) 50 6.593 0 0 0 0
LiOH.3LiCl(cr) 50 17.95 0 0 0 0
LiOH.H,O(cr) 0-110 -3.8702256 -0.00914328 0.4129607 3.0072101 0
LiOH(cr) 50-200 -256.08895 -0.06047962 9290.232715 98.8913449 142.35284
Sy]viteb 0-250 6.496259873 -0.012323368 -1537.997915 1.507740146 -42632.32102
Halite ¢ 0-250 -752.24954 -0.11904958  41385.703 274.17933 -2480.9109d+03
KOH.HZO(cr)d 0-70  -444.0232678 -0.285906703 -18.23476494 216.5607191 0.831249816

* The temperature range of the solubility data used in parameter estimation and verification.

" Fitted using data of Greenberg and Mgller (1989) for the sake of consistency with equation (6).
¢ Taken from the Thermoddem database (Blanc and others, 2012).

d Adapted to equation (6) using data of Christovand Mgller (2004).

temperature of LIOH.Ho,O(cr) to LiOH(cr) phase transition, see below], experimen-
tal data draw near to the solubility limit with osmotic coefficient values measured at
molalities up to 7.2 mol/kg (Holmes and Mesmer, 1998a). These authors also
provided aqueous properties at 413.12 and 443.09 K for molalities up to 5.6 and 5.1
mol/kg, respectively. No aqueous data are available at temperatures below 298.15 K.

Solubility data from the compilations of Linke (1965) and Zdanovskii and others
(1973) range from 273.15 K to 373.15 K and concern the equilibrium between the
aqueous solution and the LIOH.H,O (cr) solid phase. At higher temperatures, solubil-
ity data for the LIOH (cr) solid phase are given by Itkina and others (1967). The phase
transition point (382.05 K) between these two solid phases at equilibrium with the
aqueous solution is given by Kirgintsev and others (1972). One inconsistent solubility
point for LIOH.H,O(cr) at 273.15 K (Zdanovskii and others, 1973), is excluded from
parameterization.

Model parameterization.—Because Li hydroxides are moderately soluble (much less
so than Li chlorides) and experimental aqueous properties show simple shapes in the
298.15 to 443.15 K temperature range, the binary LIOH-H,O system can be described
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Fig. 5. Comparison of the thermodynamic solubility product (as log K,) of lithium chloride solids
determined in this study (lines) with the recommended values (symbols) from 0 to 250 °C: (A) model 1
(without the L1Cl°(aq) neutral species, but with oy and [ parameters), (B) model 2. Dot- dashed line:
LiCl.2H,O (cr); long-dashed line: LiClL.H,O(cr); short dashed line: LiCl(cr); solid line: LiCI°(a aq). White
diamonds, triangles and circles: log K¢ recommended by Monnin and others (2002) for LiCl.2H,O((cr),
LiCl.H,O((cr) and LiCl(cr), respectlvely Black triangle: log K{, (LiC1.HyO(cr)) from Christov (2005). Black
circles: log Kg, of LiCl(cr) calculated using the LiCl(cr) calorimetric data (AHS, S° and C,) from Chase
(1998) and the standard thermodynamic properties (AGg, S°, HKF parameters) of Li* and CI~ aqueous
species from Shock and Helgeson (1988). For model 2, the equlhbrlum dissociation constant pK(LiCI" (aq) )
of the neutral aqueous specie LiCl”(aq), determined in this study, is also plotted (dot-dashed line).
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TABLE 4

Molality and temperature of the invariant points in the LiCl-H,O (Models 1 & 2) and
LiOH-H,0 binary systems

m*/(mol.kg™) T/°C

Co-crystallizati lid
o-crystatiization solds Calculated Reference data Calculated  Reference data

LiCl.2H,0(cr) + LiCLH,O(cr)  Model 1: 19.34 19.57*  Model 1: 19.02 20.79°
Model 2: 19.875 19.46°  Model 2: 20.94 19.4°
19.46° 20.0°
LiCl.H,O(cr) + LiCl(cr) Model 1: 30.28 3026  Model 1: 101.56 96.59°
Model 2: 30.03 3027 Model 2: 96.97 96.0¢
29.88° 93.5+0.5°
93.51+0.03¢
94.0"
LiOH.H,O(cr) + LiOH(cr) 7.67 7.78¢8 105.63 108.9¢

* Calculated using the MSA model of Monnin and others (2002).

b Experimental values of Kessis (1961), included in the compilation of Kirgintsev and others (1972).

¢ Experimental values of Benrath (1934).

d Experimental values of Akopov (1962), included in the compilations of Kirgintsev and others (1972).

¢ Phase Transition Temperature (PTT) given by Applebey and Cook (1938).

"Phase Transition Temperature (PTT) given in the compilation of Garrett (2004).

& Experimental values of Rollet and Cohen-Adad (1964), included in the compilations of Kirgintsevand
others (1972).

satisfactorily with the simple Li™-OH -H,O chemical representation and the B, ",
and C specific interaction parameters (table 2). The standard deviation o is 0.013 for
the entire set of osmotic data (383 points) (fig. 10). The standard deviation o is 0.202
for the entire set of solubility data that are available from 273.15 up to 473.15 K
(19 points) (fig. 11). Detailed o for the various data sets are given in table 1.
The monotonous behavior of the specific interaction parameters 3”, g, and C¢
when plotted against temperature (fig. 12) is an indication of mathematical stability,
and extrapolation to temperatures higher than 473.15 K could be done with relatively
good confidence. Temperature functions for the LIOH (cr) and LiIOH.H,O (cr) solubil-
ity products were determined during the fitting procedure (table 3) for the following
chemical reactions where n = 0or 1: LIOH.nH,O(cr) = Li" + OH™ + nH,O. For
comparison, our equilibrium constants are plotted against temperature alongside
those estimated by Monnin and Dubois (2005) (fig. 13). The two sets of values are in
good agreement. However, a comparison of the calculated invariant points in the
LiOH-H,O system with experimental data (table 4) reveals a slight discrepancy. The
calculated temperature transition between LIOH.H,O (cr) and LiOH(cr) is 382.05 K,
whereas the experimental value reported by Kirgintsev and others (1972) in their
compilation is 378.78 K. This is due to the smoothing of the temperature function of
the salt crystal solubility products.

The fitting procedure also provides an intrinsically consistent extrapolation of the
osmotic coefficient for LIOH aqueous solutions down to 273.15 K and up to 473.15 K
for which solubility data are available (fig. 10). Li" and OH™ activity coefficients can,
therefore, also be calculated with a good confidence at these temperatures. The mean
activity coefficients of LiOH are compared to recommended values over the whole
range of temperatures and molalities covered in the literature: from 273.15 to 523.15 K
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Fig. 6. Calculated mean LiCl activity coefficients in LiCI-H,O solutions vs. molality, from 273.15 to
523.15 Kaccording to model 2. The gray solid line represents the calculated solubility of LiCl.nH,O (cr) (n =
0, 1 or 2) solids (see also fig. 3).

and from 0.1 to 5 m (table 7). Our calculated values fall between those recommended
by Holmes and Mesmer (1998a) and by Nasirzadeh and others (2005) at 298.15 and
323.15 K, for LiOH molalities ranging from 0.1 to 3 m. At higher temperatures, our
calculated values are in very good agreement with those of Holmes and Mesmer
(1998a). Significant discrepancies appear at 273.15 K throughout the entire molality
range because Holmes and Mesmer (1998a) were interested in the behavior of alkali
aqueous solutions at high temperatures. On the other hand, our calculations are in
good agreement with the recommended experimental deliquescence relative humid-
ity and osmotic coefficient in the saturated LiOH binary system at 298.15 K (table 6).
Our model provides even better results than the reference model of Pitzer and
Mayorga (1973), the results of which are also shown in the table.

In mixed systems, parameterization of LiOH may be applied under conditions
where the ionic strength of the aqueous mixtures is far greater than the values found
along the solubility limit of Li hydroxides in the binary Li-OH-H,O system. For
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TABLE 5

Predicted mean activity coefficient (y..) of LiCl in binary solutions as a function of molality
(mol. kg~ 'y and temperature

Recommended T °C v= (LiCl)

values of 01 05 10 40 60 100 140 180
mol.kg! molkg”! molkg"' molkg”' molkg' molkg”' molkg' molkg”

Model 1 0 0.800 0.747 0.784 1.731 3.329 12.188 39.205 105.510
Model 2! 0.780 0.714  0.751  1.657 3.128 11.925 42.656 88.062
Calc. 0.800 0.758 0.792  1.636 3.117 1251 414 87.94
Model 1 25 0764 0.680 0.703  1.477 2.635 8.031 21.518 49.254
Model 2! 0.774  0.704  0.734  1.495 2.653 8.709 25.614 46.805
Calc. 0.794 0.741 0.782 1.501 2.697 9.333 2594 49.14
Cale.’ 0.790 0.739  0.774  1.510 2.72 940 26.2

Calc.* 0.789  0.739  0.775  1.499 2.73 9.60 255 50.3
Calc.’ 0.790 0.739  0.774 1.51 2.72 940 26.2 49.9
Calc.® 0.739  0.770  1.495 2.717

Model 1 50 0.734 0.626 0.640 1.279 2.137 5.570 12.82 25.733
Model 2! 0.767 0.692  0.714  1.349 2263  6.506 16.195 26.736
Calc. * 0.783 0.722  0.746  1.357 2.308  6.973  16.68 28.81
Model 1! 100 0.685 0.548 0.547 0.976 1.454 2945 5357 8.832
Model 2 ! 0.745 0.657 0.661 1.078 1.632  3.726  7.128 10.116
Calc. * 0.756  0.676  0.681  1.088 1.665 3.889  7.155 10.52
Model 1 140 0.656 0.506 0.494  0.788 1.083 1.872 2967 4.372
Model 2! 0.721 0.618 0.608 0.879 1.235 2399 3924 5.115
Calc.” 0.626  0.616  0.889 1.273

Model ' 170 0.638 0.483  0.463  0.667 0.864 1353 1977 2.727
Model 2 0.698 0.584 0.562  0.740 0983 1.711  2.552 3.173
Calc.” 0.587  0.566  0.753 1.028

Model 1 200 0.622 0.464 0436  0.557 0.681 0978  1.337 1.747
Model 2! 0.671 0.544 0.511 0.609 0.765 1.204  1.667 1.998
Calc.” 0.544 0.511 0.619 0.802

! Predictions of models No. 1 and No. 2 presented here (see table 2).
2 Predictions of the model of Gibbard and Scatchard (1973).

3 Recommended values of Robinson and Stokes (1949).

‘_‘ Recommended values of Hamer and Wu (1972).

? Recommended values of Mikulin (1968).

':’ Predictions of the model of E1 Guendouzi and others (2001).

’ Predictions of the model of Holmes and Mesmer (1981).

instance, this may occur in the ternary Li-Cl-OH-H,O system, because of the high
solubility of Li chlorides. The extended use of this parameterization is thought to be
feasible only if it is stable, that is only if its behavior is relatively smooth and
monotonous with respect to salinity. We therefore verified this for various tempera-
tures ranging from 273.15 to 473.15 K (fig. 14).

Ternary LiCl-LiOH-H ,0 and LiCl-HCI-H,0 Systems
Selection of experimental data.—Solution property data are rare for ternary systems.
Only two sets are available at 273.15 and 323.15 K (Chernyh and others, 1987) for the
LiCI-LiOH-H,O ternary system (fig. 15A). At 323.15 K, experimental data show a very
complex lithium solubility behavior at very high concentrations. These authors suggest
that the existence of double salts, such as LiCl.3LiOH (cr) and LiClL.LiIOH (cr), might
control this solubility.
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TABLE 6

Comparison of model calculations and experimental or recommended values for the activity
properties in saturated (s) Lithium binary solutions at T = 298.15 K: Deliquescence Relative
Humidity DRH (DRH = a;,X 100); a,, ¢' and vy’, activily of waler, osmotic and activity

coefficients at saturation, respectively

Binary DRH, % (ay, x 100) 0 Y
System Exp. Calculated Exp. Calculated Recom’s Calculated
data  Reference This study®| data Reference This study® Reference This study®
models models models
LiCLH,0  11.05° 1016 Model I: [3.07% 3184 %  Model I: [ ~2®  703°  Model I:

b ¢ 9576 ¢ 3.265 £ 69311
11. 10.12 1 >> 100
3 ¢ Model 2: 319 Model 2: Model 2:
11.30 11.682 2.956 54.41
LIOH-H,0 83.4% 848" $3.823 [0.934%0.848 " 0920 | 0.461% 0.42F 0.544

* Experimental data and recommendations of Mikulin (1968).

> DRH data at 294.75 K of Hedlin and Trofimenkoff (1965).

¢ Smoothed DRH data of Greenspan (1977).

4 Data calculated using parameterization of Kim and Frederick (1988a).

¢ Data calculated using parameterization of Song and Yao (2001).

"Data calculated using parameterization of Pitzer and Mayorga (1973).

¢ Data calculated using chemical equilibrium models developed during this study using two different
model parameterization approaches (see table 2).

Three sets of solubility data are also available for the LiCI-HCI-H,O ternary system,
at 273.15 (Engel, 1888; Chu and Zai, 1965), 293.15 (Li and others, 2000) and 298.15 K
(Herz, 1912) and for relatively limited ranges of salinities (fig. 16). Data at 273.15 and
298.15 K come from the compilation of Zdanovskii and others (1973). Chu and Zai
(1965) give the composition of the aqueous solution at the eutonic point at 273.15 K,
where LiCL.H,O (cr) and LiC1.2H,O(cr) coexist: 8.253 m LiCl + 11.736 m HCL

Despite the scarcity of experimental data, these two ternary systems must be
considered so that the pH can be taken into account when dealing with natural or
industrial Li-containing brines.

Model parameterization.—In order to be able to add Li to the existing Christov and
Mgller (2004a, 2004b) model, the ternary-specific interaction parameter 6 for the
(OH ,Cl ) couple must be the same as the one proposed by these authors. The
description of the Li-OH-CI-H,O system therefore only requires fitting of the binary
Momnric and of the ternary Yy ; op.cp, and {pj.opricr interaction parameters. The best
results that could be obtained with the constraint on 0y were plotted (fig. 15A)
and are, as expected, more satisfying at 273.15 K than at 323.15 K, with o values of 0.101
and 0.122, respectively. At 323.15 K, the model was not able to reproduce the data
points corresponding to the assumed LiClL.LiOH (cr)—solution equilibrium and are
not included in the calculated standard deviation. On the other hand, the best
results for salt-solution equilibrium in this composition domain were obtained
with a hypothetical 3LiCL.LiIOH (cr) double salt rather than with the LiCl.LiOH(cr)
double salt as suggested by Chernyh and others (1987). At this stage, there is not
enough information to settle the issue. The calculated solubility product of the
double salt 3LiCLLiIOH(cr) is log K, = 17.95 at 323.15 K, for the dissolution reaction:
3LiCLLIOH(cr) = 4 Li" (aq) + 3Cl (aq) + OH ™ (aq).

Specific interaction parameters were extrapolated up to 523.15 K so that solubility
calculations could be done at least between 273.15 and 323.15 K. In particular, we can
plot the behavior of the system at 298.15 K as suggested in figure 15B, where the
composition of the solution is controlled mainly by LIOH.H,O (cr) and LiCl1.HyO(cr)
salts. Only a small domain could be controlled by LiOH (cr). The specific interaction
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Fig. 7. Model 2 predictions for the distribution of ionic (Li*, CI7) and neutral (LiCI°(aq)) aqueous
species in LiCl-Hy,O solutions vs. total molality of solutions at different temperatures. Results are given
as mole percent of LiCl’(aq), calculated as 100 X m(LiCl°(aq))/[m(LiCl(aq)) + m(LiCl’(aq))], where
m(LiCl(aq)) = m(Li*(aq)) = m(Cl (aq)).

parameters (table 8) were plotted against temperature (fig. 17). Y ;o 18 almost
constant with temperature and has been extrapolated linearly to 523.15 K. On the
other hand, Ngpricr and {pi.opiric are much more temperature-sensitive. They have
been extrapolated here to 523.15 K assuming they are nil at this temperature.
Description of the Li-H-CI-H,O system requires fitting of the 6 ; g, Upip.c, and
{rcrric ternary interaction parameters. The {y ¢y parameter did not seem to be
needed and was set at 0. The fitting of 0, ;;; and Y ;1. leads to a good simulation of
experimental data (fig. 16), with o values of 0.039 at 273.15 K, 0.022 at 293.15 K, and
0.101 at 298.15 K. The high o value at 298.15 K is due to the relative dispersion of the
experimental data points. 0p ;g and ;. vary only slightly with temperature and
were extrapolated linearly up to about 400 K (fig. 18 and table 8), suggesting the
plotted behavior of the LiCl(cr)-HCI solution equilibrium at 373.15 K (fig. 16).

Ternary LiCI-KCI-H ,0O System
Selection of experimental data.—Few solution property data exist for the ternary
LiCI-KCI-H,O system. El Guendouzi and others (2003) provide osmotic coefficients,

measured at 298.15 K with the hygroscopic method, for aqueous solutions with total Cl
molalities ranging from 0.3 to 6 mol/kg and Li/Kratiosof 1/2,1/1, and 2/1 (fig. 19).
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Fig. 8. Model 2 predictions for the contribution of ionic (Li* and C1~, with m(Li" (aq)) = m(Cl~ (aq)):
long-dashed line) and neutral (LiClO(aq): short-dashed line) aqueous species on the total molality (solid
line) of saturated LiCl-H,O solutions (273.15 to 523.15 K).

More abundant information exists concerning solubility measurements between 273.15
and 373.15 K (Campbell and Kartzmark, 1956; Plyushchev and others, 1959; Akopov,
1962; Yanko and Goldanel, 1964, in Zdanovskii and others, 1973). These solubility data
were plotted to show the phase diagram at low temperatures (at 273.15 and 283.15 K),
involving the LiCl.2H,O (cr) and KCl(cr) (sylvite) mineral phases (fig. 20A), the phase
diagram involving the LiCl.H,O(cr) and KCl(cr) mineral phases for temperatures
ranging from 298.15 to 348.15 K (fig. 20B), and the phase diagram at 373.15 K
involving the LiCl(cr) and KCl(cr) mineral phases (fig. 20C). These data show that
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Fig. 9. Experimental aqueous (osmotic coefficient, ¢) and solubility data used for the LiOH-H,O binary
system, as a function of temperature. Crosses represent aqueous data: from Nasirzadeh and others (2005) for
298.15 to 365.15 K; from Mikulin (1968) at 298.15 K; from Holmes and Mesmer (1998a) for 383.25 to
443.09 K. Black diamonds represent solubility data of LiOH (cr) and LIOH.Hy,O(cr) from compilations of
Linke (1965), Zdanovskii and others (1973), from 273.15 to 373.15 K. Triangles represent phase transition
(382.05 K: LIOH.H,O((cr) to LiOH(cr)) point of Kirgintsev and others (1972). Gray diamonds represent
high temperature (423.15 K and 473.15 K) LiOH(cr) solubility given by Itkina and others (1967). Circles
represent LIOH.H,O (cr) solubility at 273.15 K (Zdanovskii and others, 1973) (notincluded in parameteriza-
tion).

pure phases control the dissolved species concentrations (no double salt). For each
temperature, we can identify an invariant point that defines the coexistence of a pure
Li-bearing chloride with a pure K-bearing chloride (for example sylvite). However, two
sets of data, at 303.15 and 313.15 K (Blidin, 1953) are inconsistent with such behavior
and are therefore not used for parameterization. Four other data points (at 273.15,
283.15, 298.15, and 323.15 K) are also removed because of inconsistency with the rest
of the dataset.

Experimental solubility data show that regardless of the temperature, increasing
the LiCl content in a KCI aqueous solution decreases the solubility of sylvite down to a
minimum, which decreases as the temperature decreases. Thereafter, a further in-
crease in the dissolved LiCl content destabilizes sylvite once again. Conversely, an
increase in the KCI content in a LiCl aqueous solution does not significantly modify or
only slightly increases the solubility of the LiCl.nH,O salts (n = 0, 1, or 2 depending on
the temperature).

Model parameterization.—After the parameters for the LiCl-H,O and KCI-H,O
binary systems have been determined, the ternary interaction parameters (namely,
Mericn Crarricn 91k and ¥ ) for the LiCl-KCI-H,O system can be fitted. The 0 ; ¢
interaction parameter is common to the two ternary systems of interest involving K
(namely LiCl-KCI-H,O and LiOH-KOH-H,0) . We preferred fitting it from the LiCI-KCI-
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Fig. 10. The calculated (lines) and experimental (symbols) osmotic coefficients (¢) of LiOH-H,O vs.
molality m of LiOH, at various temperatures. Closed triangles represent the smoothed data of Mikulin
(1968) at 298.15 K; open diamonds are data from Nasirzadeh and others (2005), at 298.15, 323.15, 348.15,
and 363.15 K; open circles are data from Holmes and Mesmer (1998a) at 383.15, 413.15 and 443.15 K. The
dashed lines show extrapolations of the model to lower (273.15 K) and higher (473.15 K) temperatures.

H,O system, for which data are more abundant. Interaction parameters resulting from
the fitting procedure (table 8) were plotted (fig. 21). As experimental solubility data
are limited to temperatures below 373.15 K, a particular effort was made to obtain
smooth functions with respect to temperature in order to be able to extrapolate above
373.15 K with relative confidence. The solubility product of sylvite is taken from
Greenberg and Mgller (1989), but the parameters have been adjusted (table 3) in
order to be consistent with equation (6).

The hygroscopic data for activity of water measured by El Guendouzi and others
(2003) provided useful additional constraints at 298.15 K and moderate salinity in the
mixed solution (fig. 19). Both the overall o value (table 1) and the results for mineral
solubility (fig. 20) indicate that calculated solubility is in good agreement with
experimental data. The position of the LiCl.2H,O(cr)-KCl(cr) and LiCL.H,O(cr)-
KCl(cr) invariant points, in particular, are correctly predicted (figs. 20A and 20B). At
373.15 K, however, there is a significant discrepancy between the predicted and the
experimental LiCl(cr)-KCl(cr) invariant point (fig. 20C). Indeed, the calculated
molality of dissolved KCl at this point is 4.96 mol/kg, whereas the measured value is
4.52 mol/kg. On the other hand, the calculated molality of dissolved LiCl is 31.40
mol/kg for a measured value of 31.49 mol/kg.

The discrepancy obtained for the KCl concentration at the invariant point at
373.15 K is due to the fact that the interaction parameters for the binary KCI-H,O
system are taken from Greenberg and Mgller (1989), who fitted the relevant specific
interaction parameters using the isopiestic experimental data from Holmes and others
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Fig. 11. Experimental (symbols) and calculated (solid lines) solubility of LIOH (cr) and LIOH.H,O (cr)
minerals vs. temperature in the LiOH-H,O binary system. Experimental data—see figure 9 caption.

(1978) and Holmes and Mesmer (1983). In these studies, KCl molalities were com-
prised between 0.005 and 8.5 mol/kg, that is up to saturation for sylvite at high
temperature. Greenberg and Mgller (1989) showed that their model is valid up to a
KCI molality of 11 mol/kg at 473.15 K. However, the ionic strength at the LiCl(cr)-
KClI(cr) invariant point reaches 23.0 eq/kg at 373.15 K, which is much higher than the
validated domain of application of the Greenberg and Mgller (1989) model. Our
results show, however, that the parameterization of these authors for the KCl-H,O
binary system is stable enough so that its use can be reasonably extended to highly
saline ternary systems.

Ternary LiCl-NaCIl-H ,0 System

Selection of experimental data.—Similar to the LiCI-KCI-H,O system, few solution
property data exist for the ternary LiCl-NaCI-H,O system. Osmotic coefficients were
measured by El Guendouzi and others (2004) using the hygroscopic method, at 298.15
K with total CI molalities in experimental aqueous solutions ranging between 0.3 and
6 mol/kg for Li/K ratios of 1/2, 1/1, and 2/1 (fig. 22). Solubility measurements
describing mixtures of LiCl and NaCl electrolytes from 0 to 100 percent for tempera-
tures between 273.15 and 373.15 K were compiled by Zdanovskii and others (1973).
For our paramaterizations we selected experimental data from Akopov (1963) at
273.15 K, and from Khy (1960) at 298.15, 323.15, 363.15, and 373.15 K (fig. 23). The
selected data show that pure phases control the concentrations of dissolved species (no
double salt). For each temperature, we can identify an invariant point that defines the
coexistence of a pure Li-bearing chloride with a pure Na-bearing chloride (namely,
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(short-dashed line) pure electrolyte parameters for the LIOH-H,O binary system from 273.15 to 523.15 K.

halite, NaCl). However, several sets of data, at 298.15, 313.15, 323.15, and 363.15 K
(Smits and others, 1924; Blidin, 1953; Kindyakov and others, 1958) are inconsistent
with such a behavior and are therefore not used for parameterization. One data point
(from Khy, 1960, at 323.15 K) was not used because of inconsistency with the rest of the
dataset.

As in the LiCI-KCI-H,O system, experimental solubility data show that regardless
of the temperature, increasing the LiCl content in a NaCl aqueous solution decreases
halite solubility. The difference here is that the minimum solubility of halite (<0.4 m
NaCl at 373.15 K) is much lower than that of sylvite (>1.5 m KCl at 373.15 K).
Moreover, a further increase in the dissolved LiCl content does not further destabilize
halite, or only very slightly. An increase in the NaCl content in a LiCl aqueous solution
does not modify the solubility of the LiCl.nH,O (cr) salts (n = 0, 1, or 2 depending on
the temperature) until the invariant point is reached.

Model parameterization.—The ternary interaction parameters to be determined
here are Ay.yicy Cnaciricr Orina and Y. The 6p;n, interaction parameter is
common to the two ternary systems, LiCl-NaCl-H,O and LiOH-NaOH-H,O. We
preferred fitting it from the LiCl-NaCl-H,O system for which data are more abundant.
Interaction parameters resulting from the fitting procedure (table 8) were plotted (fig.
24). As experimental solubility data are limited up to a temperature of 373.15 K, an
effort was made to obtain smooth functions with respect to temperature to enable
extrapolation above 373.15 K with relative confidence. In particular, Ay, and
Prinac vary linearly with temperature. The solubility product of halite (table 3) is
taken from Thermoddem (Blanc and others, 2012) after the standard enthalpy and
entropy suggested by Chase (1998) and the heat capacity given by Helgeson and others
(1978).
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Fig. 13. Comparison of the thermodynamic solubility product (as log K{,) of lithium hydroxide solids
determined for LIOH.H,O(cr) (solid line) and LiOH(cr) (dashed line) with recommendéd values (sym-
bols) from 273.15 to 523.15 K. Triangles and diamonds represent log K{, recommendations of Monnin and
Dubois (2005) for LIOH.H,O(cr) and LiOH(cr), respectively.

Results for osmotic coefficients and minerals solubility were plotted (figs. 22 and
23). Both the overall o value (table 1) and figure 23 show that calculated solubility is in
good agreement with experimental data. In particular, the position of the
LiC1.2H,O (cr)-NaCl(cr), LiCl.H,O (cr)-NaCl(cr) and LiCl(cr)-NaCl(cr) invariant points
are correctly predicted (fig. 23B). For temperatures above 273.15 K and LiCl concen-
trations below 12 M, the accuracy of our model is comparable to that of the recent
Pitzer model of Dubois and others (2010). Nevertheless, thanks to the use of the
LiCl°(aq) aqueous species, our model is stable enough to allow the description of the
behavior of the ternary LiCl-NaCl-H,O system beyond the limit of 12 M LiCl, up to the
solubility of the different crystal hydrates of lithium chloride.

Quaternary LiCl-NaCl-KCI-H ,0 System

Yanatieva (1947) and Campbell and Kartzmark (1956) measured the composition
of brines in the Li-Na-K-Cl-H,O system along the halite-sylvite equilibrium line up to
the invariant point, corresponding to the additional equilibrium with LiCl.nH,O (cr),
where n=2atT = 273.15 Kand n =1 at T = 298.15 and 323.15 K. For each of these
experimentally measured compositions, we calculated the saturation indices of the
observed salts. They are plotted on figure 25 as a function of the dissolved Li content
relative to the total aqueous Cl content (Li/Cl = 1 represents the binary Li-Cl-H,O
system; Li/Cl = 0 represents the ternary Na-K-Cl-H,O system). These quantities, which
are widely used in geochemical modeling, are convenient for evaluating the gap
between the actual state of the system (aqueous solution + mineral) and the theoreti-
cal thermodynamic equilibrium since they are defined on an energy basis rather than
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TABLE 7

Predicted mean activity coefficient (y..) of LiOH in binary solutions as a function of
molality (mol kg~ 1y and lemperature

Recommended t°C v+ (LiOH)
values of: 0.1 0.5 1.0 2.0 3.0 4.0 5.0
molkg  molkg"' molkg' molkg' molkg' molkg' molkg'
This study' 0 0.804 0.727 0.697 0.670 0.661 0.661 0.666
Calc. * 0.757 0.612 0.551 0.503 0.487 0.487 0.497
This study' 25 0.781 0.675 0.629 0.584 0.562 0.551 0.545
Calc. ? 0.766 0.607 0.548 0.502 0.485 0.481 0.484
Calc.? 0.946 0.749 0.697 0.671
Calc. * 0.76 0.617 0.554 0.513 0.494 0.481
Calc.’ 0.735 0.579 0.522 0.484 0.469 0.457 0.493
Calc. ® 0.718 0.583 0.523 0.485 0.467 0.454 0.456
This study' 50  0.757 0.625 0.566 0.507 0.476 0.457 0.443
Calc. ? 0.738 0.586 0.521 0.466 0.440 0.426 0.417
Calc* 0.894 0.675 0.613 0.575
This study' 100  0.705 0.528 0.449 0.374 0.333 0.305 0.285
Calc. * 0.705 0.527 0.446 0.370 0.328 0.301 0.280
This study' 200 0.585 0.349 0.257 0.181 0.143 0.118 0.101
Calc. * 0.607 0.384 0.289 0.203 0.159 0.133 0.115
This study' 250 0.514 0.265 0.179 0.113 0.083 0.065 0.053
Calc. * 0.534 0.301 0.211 0.1357  0.101 0.081 0.069

! Predictions of the model presented here.

2 Predictions of the model of Holmes and Mesmer (1998a).

3 Recommended values of the model of Nasirzadeh and others (2005) at (0.124, 1.01, 1.99, and
3.106) m.

" Recommended values of Robinson and Stokes (1949).

> Recommended values of Hamer and Wu (1972).

6 Recommended values of Mikulin (1968).

on a concentration basis. Indeed, given the dissolution reaction of a mineral, the
saturation index of the mineral is defined, in log units, by the ratio of the ion activity
product versus the solubility product. The ion activity product represents the actual
state of the aqueous solution while the solubility product is the expected value of the
ion activity product at equilibrium. Moreover saturation indices can help identify the
chemical sub-system(s) for which the model should be improved. Null saturation
indices indicate that the aqueous solution and the mineral under consideration are at
thermodynamic equilibrium. The saturation indices show that, in agreement with
experimental observations, halite and sylvite are close to equilibrium with the brines
(fig. 25). However, there are significant discrepancies for some compositions. This
concerns mostly halite near or at the invariant point, regardless of the temperature. It
is difficult here to clearly identify whether these discrepancies are caused by experimen-
tal errors or are inherent to the model but, in any case, these results are satisfactory and
confirm that our model can be applied to complex systems.

Ternary LiOH-KOH-H ,O System
Selection of experimental data.—Literature data for this ternary system, in the
temperature and concentration ranges of interest, are scarcer than for the LiCI-KCI-
H,O system. They are limited to solubility data measured at 323.15, 373.15, and
423.15 K (Itkina and others, 1967, 1968), and describe mixtures of LiOH and KOH
electrolytes ranging from 0 to 100 percent (figs. 26A and 26B). These experimental
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Fig. 14. Calculated mean LiOH activity coefficients in LIOH-H,O solutions vs. molality, from 273.15 to
473.15 K. The gray solid line represents the solubility of LIOH.nH,O (n = 0 or 1) solids (see fig. 11).

data suggest that pure phases control the dissolved species concentrations, and
invariant points can be identified, defining conditions of coexistence of two pure
phases at equilibrium with the aqueous solution. It also seems that there is no stability
domain for mixed crystals or double salts in the systems under consideration in this
study.

Model parameterization.—To describe the behavior of the mixed LiOH-KOH-H,O
system, the 0y ;¢ and ;¢ op specific interaction parameters are required, in addition
to parameters and solubility products determined for the binary LiOH-H,O and
KOH-H,O systems. The 0 ; ¢ cation-cation interaction parameter was fitted previously
for the LiCl-KCI-Ho,O mixed system (see Ternary LiCLEKCI-H,O System section above).
Therefore, there is only one temperature-dependent parameter to be fitted in this
section: Py ; ¢ op- The equilibrium constant of the KOH.H,O (cr) mineral phase is also
needed here and is adapted from Christov and Mgller (2004b).

Resulting mineral-solution equilibrium functions compare relatively well with
experimental data (figs. 26A and 26B). The overall absolute deviation is 0.0964 for 18
data. This indicates that the 6;;x parameter determined previously (see Ternary
LiCl-KCI-H,0 System section above) is also well suited here. The temperature function
for the Y ;o interaction parameter (table 8) was plotted (fig. 27).

Significant discrepancies can however be observed concerning the location
of the invariant points at 323.15 and 373.15 K (figs. 26A and 26B). At 323.15 K,
the calculated LiOH(cr)-LiOH.HoO(cr) invariant point is located at m(KOH) =
12.44 mol/kg and m(LiOH) = 1.49 mol/kg. For comparison, the experimental
point is located at m(KOH) = 14.38 mol/kg and m(LiOH) = 0.98 mol/kg. The cal-
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Fig. 16. Experimental (symbols) and calculated (lines) solubility of LiCl.2H,O (cr) and LiCL.HyO(cr)
minerals at 273.15, 293.15 and 298.15 K in the LiCI-HCI-H,O ternary system. Experimental data are from
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(2000) (black circles) at 293.15 K; from Herz (1912) (white triangles) at 298.15 K. The experimental eutonic
point at 273.15 K (Chu and Zai, 1965) is indicated by the black diamond. The calculated eutonic point at
293.15 Kis indicated by the white circle. Calculated solubility is extrapolated up to 373.15 K for LiCl(cr).

culated LiOH (cr)-KOH.H,O (cr) invariant point is located at m (KOH) = 25.9 mol/kg
and m(LiOH) = 0.36 mol/kg, whereas the experimental equivalent is located at
m(KOH) = 25.09 mol/kg and m(LiOH) = 0.70 mol/kg. At 373.15 K, the calculated
LiOH (cr)-LiOH.H,O (cr) invariant point is located at m(KOH) = 3.2 mol/kg and
m(LiOH) = 5.23 mol/kg, whereas the experimental equivalent is located at
m(KOH) = 4.42 mol/kg and m(LiOH) = 4.12 mol/kg. The calculated LiOH(cr)-
KOH.HyO(cr) invariant point is located at m(KOH) = 30.33 mol/kg and
m(LiOH) = 0.47 mol/kg whereas the experimental equivalent is located at
m(KOH) = 36.99 mol/kg and m(LiOH) = 1.839 mol/kg. As we did for the K*-Cl~
binary interactions parameters in the LiCI-KCI-H,O mixed system, we determined the
Li"-OH " binary interaction parameters using experimental data of the binary LiOH-
H,O system up to the solubility of the related minerals, namely up to a maximum ionic
strength of 8 eq/kg. The ionic strengths encountered in the LIOH-KOH-H,O mixed
system are much higher. Therefore, the Li*-OH ™ binary interaction parameters may
not be fully optimized to deal with the LIOH-KOH-H,O mixed system. However, two
reasons prevent us from trying to improve our parameterization. Firstly, the scarcity of
experimental data would impose too few constraints on the fitting procedure, and
secondly, interaction parameters for the KOH-H,O binary system given by Christov
and Mgller (2004b) are validated for temperatures between 273.15 and 443.15 K based
on experimental aqueous data up to a KOH molality of 5 mol/kg (Holmes and
Mesmer, 1998a), and the solubility of the KOH.H,O (cr) mineral phase up to 343.15 K.
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Fig. 19. Osmotic coefficient, ¢, for the LiCI-KCI-H,O ternary system vs. total molality (mLiCl + mKCl)
at 298.15 K for three different Li/K ratios. Symbols represent experimental data from El Guendouzi and
others (2003): Li/K = 0.5(white diamonds); Li/K = 1 (black triangles); Li/K = 2 (white circles). Lines
represent calculated values for the same Li/K ratios: Li/K = 0.5 (solid line); Li/K = 1 (long-dashed line);
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Revisiting the parameterization of this last binary chemical system is beyond the scope
of our study.

Phase diagrams of the LIOH-KOH-H,O system have, nevertheless, been extrapo-
lated to 273.15, 298.15 and 473.15 K (fig. 26C). Results suggest that the two
LiOH.H,O (cr)-LiOH (cr) and LiOH(cr)-KOH(cr) invariant points may still exist at
298.15 K. At 273.15 K, the LiOH(cr) stability domain would no longer exist in favor of
the LIOH.H,O(cr) and KOH.H,O(cr) minerals, the coexistence of which would
define a new invariant point. At 473.15 K, calculations suggest that, in agreement with
experimental observations (Itkina and others, 1967), only the LiOH (cr) mineral phase
could be at equilibrium with the aqueous solution, at least up to a KOH molality of
25 mol/kg. This is also the case at 423.15 K (fig. 26B).

Ternary LiOH-NaOH-H ,0 System

Selection of experimental data.—Literature data for this ternary system are much
scarcer than for the other ternary systems considered here. They are exclusively
solubility data that have been measured at 303.15 (Evteeva, 1965) and 423.15 K (Itkina
and others, 1968) (figs. 28A and 28B). These experimental data suggest that pure
phases control the concentrations of dissolved species in the range of concentrations
where experimental data are available. Invariant points are not clearly defined, and it
seems that there is no stability domain for mixed crystals or double salts. Additional
experimental solubility data are also shown (figs. 28A and 28B) for the binary
LiOH-H,O (Linke, 1965) and NaOH-H,O (see data selection of Christov and Mgller,
2004b) systems.
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Fig. 20. Experimental (symbols) and calculated (lines) solubility data for the LiCI-KCI-H,O mixed
system: (A) at 273.15 and 283.15 K for LiCl.2H,O(cr) and sylvite, (B) at 298.15, 323.15, and 348.15 K for
LiCLH,O((cr) and sylvite, and (C) at 373.15 K for LiCl(cr) and sylvite. Experimental data are from the
compilation of Zdanovskii and others (1973): on (A), from Plyushchev and others (1959) (white diamonds)
and Akopov (1962) (black diamonds) at 273.15 K, and from Akopov (1962) (white triangles) at 283.15 K; on
(B), from Campbell and Kartzmark (1956) (gray triangles), Zatloukal and others (1959) (white triangles),
Akopov (1962) (stars), and Plyushchev and others (1959) (black triangles) at 298.15 K, and from Plyushchev
and others (1959) at 323.15 K (black diamonds) and 348.15 K (white squares); on (C), data are from Yanko

and Goldanel (1964).
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Model parameterization.—To describe the behavior of the mixed LiOH-NaOH-H,O
system, the 0y ; ., and U ; n..opr SPecific interaction parameters are required in addition
to the parameters and solubility products determined for the binary LiOH-H,O
and NaOH-H,O systems. The 0p;y, cation-cation interaction parameter was fitted
for the LiCl-NaCl-H,O mixed system (see the Ternary LiCl-NaCl-H,O System section
above). Therefore, there is only one temperature-dependent parameter to be fitted
in this section: yy;n..on- The equilibrium constants of the NaOH.H,O(cr) and
NaOH.4H,O (cr) mineral phases are also needed here. They are taken from Christov
and Mgller (2004b).

The resulting mineral-solution equilibrium functions (figs. 28A and 28B) com-
pare relatively well with experimental data. The overall absolute deviation is 0.1081 for
22 data. This indicates that the 0y, parameter determined in the Ternary LiCI-NaCl-
H,0 System section discussed above is relatively well suited here. The temperature
function for the Y ; y, o interaction parameter (table 8) was plotted (fig. 27). The
model is limited by minerals solubility at temperatures lower than 323.15 K, and to
NaOH molalities of 20 m above this temperature.

SUMMARY AND RECOMMENDATIONS

A parameterization procedure for models based on Pitzer formalism for binary
electrolyte systems with at least one univalent ion was developed in order to select those
best suited for binary systems. This involves developing models as simple as possible,
and then increasing their complexity while seeking accuracy. The suitability of the
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Fig. 25. Calculated saturation index [log (IAP/K{,)] of halite (diamonds), sylvite (circles), LiCl.2H,0O,
and LiCL.H,O (black triangles) for experimentally measured aqueous compositions on the halite-sylvite
equilibrium line vs. Li concentration relative to total Cl concentration, (A) at 273.15 K, (B) at 298.15 K, and
(C) at 323.15 K. Gray symbols represent saturation indices calculated at the invariant points, where halite,
sylvite and LiCl.nH,O (n = 1 or 2) are observed simultaneously. Experimental data are from Yanatieva
(1947) at 273.15, 298.15, and 323.15 K, and from Campbell and Kartzmark (1956) at 298.15 K (see also the
compilation of Zdanovskii and others, 1975).
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models accepted for binary systems is then confirmed by the development of accurate
models for higher order mixed systems.

Two binary and six ternary systems were studied using this procedure within the
framework of the Pitzer formalism: LiCl-H,O, LiOH-H,O, LiCl-LiOH-H,O, LiCI-HCI-
H,O0, LiCI-KCI-H, 0O, LiCl-NaCl-H,O, LiOH-KOH-H,O, LiOH-NaOH-H,O systems. We
propose a new Pitzer parameterization that enables us to describe the excess properties
of aqueous solutions (osmotic coefficient, activity of water, activity coefficients) and
minerals solubility for a wide range of concentrations and temperatures. Our study,
like others (Christov and Mgller, 2004b; Lassin and others, 2009), clearly shows that
the standard Pitzer formalism (using the B, BV and C? interaction parameters) is
able to describe mineral-solution systems up to very high salinities (40 mol/kg, for the
binary LiCI-H,O system) and temperatures (523.15 K). For this binary system, however,
the neutral ion pair LiClO(aq) must be added to cover the entire range of concentra-
tions and temperatures of interest. A four-interaction parameter Pitzer model (using
an additional B parameter) is also proposed. Using constant a; and a, parameters,
the range of application of this model is limited to temperatures and salinities lower
than 485 K and 37 mol/kg of LiCl, respectively.

Whereas Christov and Mgller (2004b) have already well described the complex
H-Na-K-Cl-OH-H,O system up to mineral solubility and high temperatures, our work
makes it possible to extend the application to the H-Li-Na-K-CI-OH-H,O system,
including mineral-solution equilibria, up to high salinities and high temperatures.
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Experimental data are from Evteeva (1965) at 303.15 K, and from Itkina and others (1968) at 423.15 K (see
also the compilation of Zdanovskii and others, 1973). The white symbols on the x-axis indicate the
NaOH.nH,O(cr) (n =1 or 4) solubility in the binary NaOH-H,O system (Rollet and Cohen-Adad, 1964, and
Christov and Mgller, 2004b).
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The salinity and temperature limits for the application of this model will depend
on the chemical elements actually present. However, this is primarily due to the lack of
experimental data that are needed to better constrain the model under extreme
conditions in order to improve and/or extend its domain of validity. In particular, it
would be of interest to include additional commonly occurring cations such as
magnesium and calcium, and anions such as sulfates in the model.

This work is the essential first step to tentatively describing lithium behavior in
saline natural environments, and highlights a real need for additional experimental
data.
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