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This paper describes the development of a thermodynamic model for the highly important MgCl2 + H2O
and HCl + MgCl2 + H2O systems at (0 to 100) °C. The model incorporates the concentration-dependent
specific interaction equations of Pitzer for aqueous solutions (J. Phys. Chem. 1973, 77, 268). All experimental
thermodynamic quantities available in the literature (osmotic coefficients, water activities, magnesium chloride
mineral’s solubilties) are used to construct a chemical model that calculates solute and solvent activities
and solid-liquid equilibria in the MgCl2 + H2O and HCl + MgCl2 + H2O systems. The (0 to 100) °C
model for the binary MgCl2 + H2O system gives excellent agreement with activity and solubility data used
in parametrization and/or validation processes. To create a temperature-variable mixed solution model for
the HCl + MgCl2 + H2O system, a HCl + H2O model parametrization established in our previous study
(Christov and Moller, GCA 2004a, 68, 1309) has been used. To develop an equilibrium solubility model of
hydrogen-carnallite (HCl ·MgCl2 ·7H2O(cr)), crystallizing within the HCl + MgCl2 + H2O system at very
high acid concentration, we extend the application range of H-Cl pure electrolyte parametrization up to
very high molality (≈ 23 mol ·kg-1 at (0 and 25) °C and ≈ 15 mol ·kg-1 at higher temperature). The evaluated
T-variable single electrolyte and mixing ion interaction parameters and thermodynamic solubility products
of minerals give an excellent agreement with MgCl2 ·6H2O(cr) and HCl ·MgCl2 ·7H2O(cr) equilibrium
solubility data in mixed solutions at (0 to 100) °C. The model predictions on the effect of temperature and
mixing on the deliquescence relative humidity (DRH/MDRH) in MgCl2 + H2O and HCl + MgCl2 + H2O
solutions saturated with highly soluble bishofite and hydrogen-carnallite minerals are also given.

Introduction

Computer models that predict solution behavior and solid-
liquid-gas equilibria close to experimental accuracy have wide
applicability. Such models can be powerful predictive and
interpretive tools to study the geochemistry of natural waters
and mineral deposits, solve environmental problems, and
optimize industrial processes. The specific interaction approach
for describing electrolyte solutions to high concentration
introduced by Pitzer1,2 represents a significant advance in
physical chemistry that has facilitated the construction of
accurate thermodynamic models. It was showed3-8 that the
Pitzer approach could be expanded to accurately calculate
solubilities in complex brines and to predict the behavior of
natural fluids.

This paper continues our series concerning parametrization
of comprehensive XPT-variable thermodynamic models con-
cerned with complex aqueous equilibrium solutions of highly
soluble inorganic salts, which can assist in the development of
a complex atmospheric chemistry model that can accurately
predict the composition and state of sea-type aerosols over the
wide ranges of temperature and relative humidity.8,9 The main
objective of this study is the development of a high accuracy
thermodynamic model for solution behavior and highly soluble

bishofite and hydrogen-carnallite minerals solubility in MgCl2

+ H2O and HCl + MgCl2 + H2O systems at (0 to 100) °C.

The physical state and size of inorganic atmospheric particles
are a function of relative humidity (RH). Deliquescence is a
process in which a soluble solid substance sorbs water vapor
from the air to form a saturated aqueous solution. Deliquescence
of a single inorganic salt or their mixture is a process of
spontaneous solid-liquid phase change. The deliquescence
occurs when relative humidity (RH) in the gas-phase environ-
ment is at or above deliquescence relative humidity (DRH) of
the salt or mutual deliquescence relative humidity (MDRH) of
a salt mixture. Because of very high complicity of experiments,
the relative humidity data, particularly for the mixed systems,
are sparse.10 Nevertheless, different sophisticated thermody-
namic equilibrium models, such as SCAPE and SCAPE2,11,12

AIM and AIM2,13 UNAERO,14 and ISOPROPIA15 have been
proposed and developed to describe the deliquescence behavior
of gas-solid-liquid inorganic aerosol equilibrium. However,
none of the models presented in the literature include a
consideration of the mixing solution parameters and minerals
formation as a function of temperature and acid concentration
in the HCl + MgCl2 + H2O system.

In the previous paper of the author, presented in the same
journal,8 new osmotic coefficient data, obtained using isopiestic
measurements, are presented for mixed MgCl2 + CaCl2 + H2O
solutions. These data were combined with all other thermody-
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namic quantities available in the literature to construct a high
accuracy model for MgCl2 + H2O and CaCl2 + H2O binary
and MgCl2 + CaCl2 + H2O ternary systems at (25 and 50) °C.
The model was used to calculate DRH/MDRH of mixed MgCl2

+ CaCl2 + H2O solutions in equilibrium with MgCl2 ·6H2O(cr),
CaCl2 ·6H2O(cr), and 2MgCl2 ·CaCl2 ·12H2O(cr) minerals against
the composition of saturated solutions. According to the
calculated deliquescence diagram, the addition of highly soluble
calcium chloride decreased the DRH of bishofite (DRH
(MgCl2 ·6H2O(cr); 25 °C) ≈ 34.4 %) in the mixed system. It
was concluded that mixed MgCl2 + CaCl2 + H2O solutions
saturated with bishofite and with a molal ratio of magnesium
and calcium chloride corresponding to the composition of solid
sea-salt aerosols (Lin et al.:16 m(MgCl2)/m(CaCl2) ) 7/2) will
be the first equilibrium solutions which are formed during the
formation of liquid sea-salt aerosols at standard temperature.
The solid-liquid equilibrium model for the mixed system
predicts a MDRH value of ≈ 32 % for this bishofite equilibrium
solution, respectively, for the lowest deliquescence of complex
solid sea-salt. Our recent chemical kinetic experiments9 on OH
uptake of solid MgCl2 + CaCl2 mixtures completely validate
these model predictions. It was established that the effect of
relative humidity (RH) on OH uptake by the solid magnesium
chloride + solid calcium chloride mixture reproduces quanti-
tatively that of solid sea-salt.

However, to extend the understanding of the deliquescence
behavior of complex solid sea-salt in an acidic atmospheric
environment and under high relative humidity conditions, it is
necessary to develop an accurate thermodynamic model which
also considers the acid interaction solution parameters and highly
soluble acidic minerals, such as hydrogen-carnallite (HCl ·
MgCl2 ·7H2O(cr)). In addition to bishofite, the chemical equi-
librium of this double salt also can play a key role on formation
of aqueous sea-salt aerosols by decreasing the DRH value of
solid sea-salt. Development of the temperature-variable, pH-
dependent thermodynamic model for MgCl2 ·6H2O(cr) and
HCl ·MgCl2 ·7H2O(cr) equilibrium in MgCl2 + H2O and HCl
+ MgCl2 + H2O systems can be a powerful predictive tool to
solve, important for atmospheric chemistry problems. Other
important applications include design and assessment of nuclear
and acid mine waste disposal strategies,10 development of high
concentration chloride leaching processes,17 as well as produc-
tion of evaporate minerals (such as carnallite, magnesium-, and
potassium chlorides), and utilization of waste solutions during
treatment of natural deposits.18-20 The model presented here
also provides many parameter evaluations which form a good
base to develop a highly important T-variable model of
geochemical behavior of aluminum in acidic magnesium-rich
natural waters.7

Methodology

Modeling Approach. In constructing the model for MgCl2

+ H2O and HCl + MgCl2 + H2O systems at (0 to 100) °C, the
solubility approach described in previous studies of the author
is used.5-8,20 The model incorporates the concentration-depend-
ent specific interaction equations of Pitzer1,2 for aqueous
solutions. Since Pitzer’s representation of the aqueous phase is
based on the excess free energy, all the activity expressions are
consistent, allowing different kinds of data {e.g., activity (water
activity (aw), osmotic (�), and activity (γ() coefficients), voltage,
and solubility measurements} to be used in the parameter
evaluations and other thermodynamic functions to be calculated.
Model validation involves comparison of model predictions with
data not used in the parameter evaluation process.

The Pitzer equations are described in many publications.3-8,20,21

Equations 1 to 3 give the expression for the activity coefficient,
γ, for the interaction of a cation, M, with the other solutes (m
is molality; c is cation; a is anion; n is neutral species; I is ionic
strength; A� is the Debye-Huckel constant). This expression
is symmetric for anions. The adjustable parameters describing
binary solution interactions are the ionic strength dependent B(I)
coefficients and C, which is independent of ionic strength. The
adjustable Θij coefficients for mixing between two ions of like
charges are ionic strength dependent. The adjustable Ψ terms,
which account for mixing between two ions of like charges and
an ion of opposite charge, are independent of ionic strength.
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To extend the application of the model for predictions of
solution properties at very high concentrations, Pitzer and
Simonson22 introduced in their approach mole fraction concen-
trations. Their approach has been used successfully for modeling
of aerosol mixtures.23 In the parametrization proposed here, we
use a standard molality based on the ion interaction model. To
fit the binary solution properties with a lower sigma value and
to high concentration, some authors used in their single
electrolyte parametrization an extended version of the Pitzer
model, introducing two C� parameter values.24,25 In our single
electrolyte parametrization, we use the standard Pitzer approach
with one C� parameter. In our previous studies,6,20,21 we show
that the above standard Pitzer approach gives excellent model
reliability to very high concentration and temperature (for
example, to 64 mol ·kg-1 in the NaOH + H2O system6 and up
to 300 °C and 18 mol ·kg-1 in the NaBr + H2O and KBr +
H2O systems26). Note that in the model presented here we do
not include the neutral species (such as MgCl2

o(aq)); i.e., neutral
species-ion interaction parameters (λ and � in eq 1)3,6,21 will
be not considered in this model. Therefore, at constant temper-
ature and pressure, the solution model parameters to be evaluated
are (�(0), �(1), �(2), and C�) pure electrolyte and (θ and Ψ) mixing
parameters.

Because of the theoretical and practical importance of the
binary and mixed systems studied in this work, there is a
considerable volume of experimental data and theoretical
analysis reported in the literature. Our comprehensive acid-base
(0 to 250) °C models6,7,21 the for H-Na-K-Ca-OH-Cl-
HSO4-SO4-H2O system do not include magnesium interactions
and minerals. However, in our sodium-potassium-acid model6

we present a new well validated HCl + H2O model, which is
valid for temperatures from (0 to 250) °C and relatively low
acid molality for the HCl + H2O solution behavior and chloride
minerals solubilities in mixed systems. The model is in excellent
agreement with all recent activity data and with solubility data
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in binary and multicomponent systems.6,7,21 The HCl + H2O
model described in our previous studies was developed to
describe the acid interactions in subsurface natural fluids and
therefore cover a relatively low acid concentration range (up to
10 mol ·kg-1 HCl). Here we develop a equilibrium model for
application in modeling of atmospheric chemistry processes.
Because of relatively low water content in the atmosphere, the
acid concentration in the acidic atmosphere environment
becomes very high (as a molal ratio of moles of acid to the
moles of water). To account for this, in this study we extend
the concentration range of application of our recent HCl + H2O
parametrization by using, in our equilibrium mixed HCl +
MgCl2 + H2O model parametrization, the hydrogen-carnallite
(HCl ·MgCl2 ·7H2O(cr)) solubility data at very high acid con-
centration (≈ 23 mol ·kg-1 at (0 and 25) °C and ≈ 15 mol ·kg-1

at higher temperature).
The comprehensive T-variable model of Pabalan and Pitzer4

for the Na-K-Mg-Cl-SO4-H2O system does not include
acid interactions and solids. The authors used in their magnesium
chloride model �(0)(Mg,Cl), �(1)(Mg,Cl) binaries from De Lima
and Pitzer.27 To fit the binary solution solubility data, the authors
modified the values of C�(Mg,Cl). To determine the chemical
potential of magnesium chloride solids, Pabalan and Pitzer4 used
the heat capacity values determined by calorimetric measure-
ments. Following our well-defined solubility approach,6,20,21,26

in this study the chemical potential of minerals is directly
determined from equilibrium solubility data. The ORNL group
(Holmes and Mesmer28) has derived a (0 to 250) °C Pitzer model
for magnesium chloride solutions. The MgCl2 + H2O model is
based on their own high temperature (>110 °C) isopiestic data
and calorimetric and isopiestic data at lower temperature. The
widely used model of Holmes and Mesmer is valid only for
low concentrated solutions (m(MgCl2) < 4 mol ·kg-1) and
therefore does not consider solid phase formation. In this study,
the model for the MgCl2 + H2O system was reparametrized at
(0 to 100) °C. To better reflect the high concentration behavior
of the MgCl2 + H2O system, we included all available low
concentration activity data as well as bishofite solubility
measurements to evaluate pure electrolyte parameters of Mg-Cl
interactions and the chemical potential of MgCl2 ·6H2O.

Several authors (Harvie et al.,3 Koenigsberger et al.,17 Khoo
et al.,29 Roy et al.,30 and Yahong et al.,31-33) have constructed
models for the mixed HCl + MgCl2 + H2O system. The models
of Khoo et al.29 (25 °C; Imax ) 3 mol ·kg-1) and of Roy et al.30

((5 to 45) °C; Imax ) 5 mol ·kg-1) have been developed to
describe only their own HCl activity coefficient data for mixed
solutions with low ionic strength (I) values, obtained on the
basis of electromotive force (EMF) measurements. Therefore,
Yahong et al.31-33 show that the mixing parameters (θ(Mg,H)

and Ψ(Mg,H,Cl)), derived by Roy and extrapolated to (0 and
50) °C, give unreliable solubility predictions in the ternary
system. The standard temperature model of Harvie et al.3 and
the model of Koenigsberger et al.17 at (25 to 125) °C do not
consider precipitation of hydrogen-carnallite. The computer
code of Koenigsberger et al. has been developed to predict
mostly the component activity coefficients and water activity
in unsaturated solutions. Therefore, in their calculations, the
authors used low molality Mg-Cl pure electrolyte parametriza-
tion of Holmes and Mesmer.28 The authors did not give the
values of mixing parameters and the solubility product of solids,
which they used in their activity and solubility calculations. In
their series of three publications, Yahong et al.31-33 present their
bishofite and hydrogen-carnallite solubility models for the HCl
+ MgCl2 + H2O system at (0, 20, 40, and 50) °C. Although
the authors show that the model predictions are in good
agreement with experimental equilibrium data, their models are
not well-defined and, respectively, not reliable because: (1) the
thermodynamic solubility product of hydrogen-carnallite at (0
and 20) °C is not determined, (2) the authors evaluate extremely
high values of the binary mixing θ(Mg,H) parameter even at
low temperatures of (40 and 50) °C, and (3) the values of mixing
parameters (θ(Mg,H) and Ψ(Mg,H,Cl)) at each temperature are
not consistent with their values at other temperatures, even in
a narrow temperature range from (0 to 50) °C (see discussion
in next paragraph). Therefore, reparametrization of the mixed
MgCl2 + CaCl2 + H2O system at (0 to 100) °C is necessary.

Model Parametrization and Results

In constructing the model of the HCl + MgCl2 + H2O system
at (0 to 100) °C, the Debye-Huckel constants, A� (see Table
1), at (0, 25, 50, 75, and 100) °C are calculated from temperature
function given in Moller.34 See also the discussion in our
previous study6 for A� parametrization and validation. Pure
electrolyte parameters of H-Cl interactions (Table 1) at (0 to
100) °C are calculated from our temperature function given in
our acid-base models.6,7,21 In this study, we extend the
concentration range of application of our HCl + H2O param-
etrization up to very high acid concentration (see the text below).
Evaluations of the remaining model parameters are discussed
in the sections below. They are the binary solution model
parameters, �(0), �(1), and C�, for the Mg-Cl ion interactions
(Table 1); the mixed solution model parameters θ(Mg,H) and
Ψ(Mg,H,Cl) for ion interactions in HCl + MgCl2 + H2O ternary
solutions (see Table 1); and the standard chemical potentials of
the bishofite MgCl2 ·6H2O(cr) and hydrogen-carnallite HCl ·
MgCl2 ·7H2O(cr) solid phases (see Table 3) contained within
the MgCl2 + H2O binary and HCl + MgCl2 + H2O ternary

Table 1. Values of the MgCl2 + H2O and HCl + H2O Pure Electrolyte and MgCl2 + HCl + H2O Mixing Parameters, Determined and/or
Validated in This Study at (0, 25, 50, 75, and 100) °C, Where A� Is the Debye-Huckel Constanta

parameters 0 °C 25 °C 50 °C 75 °C 100 °C

Aφb 0.376704 0.391475 0.410330 0.433275 0.460525
�(0)(H,Cl)b 0.190681 0.176092 0.165712 0.154655 0.142776
�(1)(H,Cl)b 0.275353 0.298974 0.311600 0.331738 0.358190
C�(H,Cl)b 0.0 0.0 0.0 0.0 0.0
�(0)(Mg,Cl) 0.383722 0.36193c 0.34448c 0.330448 0.319140
�(1)(Mg,Cl) 1.392948 1.58114c 1.77455c 1.972060 2.172843
C�(Mg,Cl) 0.002684 0.002380c 0.001695c 0.000716 -0.000501

(0.00930)d (0.0065)e (0.00403)d (0.0018)d (-0.00008)d

θ(Mg,H) 0.0965 0.100 0.115 0.132 0.160
Ψ(Mg,H,Cl) -0.01 -0.011 -0.012 -0.013 -0.014

a Values of C�(Mg,Cl) solution parameters presented in the literature are given in branches. b Parameters calculated from temperature dependence
equations [covering the (0 to 250) °C range] presented in Christov and Moller6 and used in this study. c From Christov.8 d Parameters calculated from
temperature dependence equations given by Pabalan and Pitzer.4 e From Balarew et al.18
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systems at temperatures ranging from (0 to 100) °C. Reference
osmotic coefficient data for the MgCl2 + H2O binary are used
to evaluate solution parameters for low and moderate chloride
concentration. Solubility data in binary and mixed systems are
also used to broaden the concentration range of parametrization.
Following the approach in our previous studies,5,20 to avoid the
overlapping effect of pure electrolytes and mixing solution
parameters, the model for the binary MgCl2 + H2O system was
developed using only the data for this binary system, and the
mixed solutions model was parametrized on the basis of the
data only for the HCl + MgCl2 + H2O system. Note that in
our MgCl2 + H2O binary and HCl + MgCl2 + H2O mixed
model parametrization we used only raw experimental thermo-
dynamic quantities (osmotic coefficients, water activity, and
minerals solubility), which are directly derived from experi-
mental measurements (isopiestic studies, voltage (EMF), and
solubility experiments). The mean activity coefficient recom-
mendations available in the literature are model dependent and
therefore are not used in the parametrization process. However,
some of these data are used here to validate the MgCl2 + H2O
solution model (see Table 2).

EWaluation of Parameters in the MgCl2 + H2O System
from (0 to 100) °C. In this study, the (0 to 100) °C model for
the MgCl2 + H2O system is constructed retaining the same
parametrization at (25 and 50) °C established previously8 (see
Table 1 for Mg-Cl solution parameters and Table 3 for
thermodynamic solubility product of MgCl2 ·6H2O(cr)). Here,
the (25 and 50) °C MgCl2 + H2O model is extended to low (0
°C) and to high temperature (100 °C). The MgCl2 + H2O binary
solution interaction parameters are evaluated from activity data

(osmotic coefficients and water activity) for unsaturated solu-
tions. To better reflect the high concentration behavior of the
system, we include in parametrization solubility measurements
of bishofite in the binary system. Osmotic coefficient (�) and
water activity (aw) data for binary solutions are used to help
define the concentration variation of �(0)(Mg,Cl), �(1)(Mg,Cl),
and C�(Mg,Cl). The osmotic coefficient data sets which are
included in parametrization are (n is the number of experimental
data points): (1) data of Snipes et al.35 at (40, 50, 60, 70, and
80) °C and up to m ) 2.0 mol ·kg-1 (n ) 75); (2) data of Patll
et al.36 up to m ) 4.8 mol ·kg-1 (n ) 40), and at (30, 40, 50,
60, and 70) °C; (3) the 25 °C data of Stokes37 up to saturation
(m(sat) ) 5.84 mol ·kg-1, n ) 19); (4) the recommendations of
Robinson and Stokes38 up to m ) 5 mol ·kg-1 (n ) 21) and at
25 °C; (5) the standard temperature data of Rard and Miller39

up to m ) 5.81 mol ·kg-1 (saturated solution; n ) 37). For a
broad concentration and temperature ranges of pure electrolyte
parametrization, the high molality smoothed water activity (aw)
values, given in refs 40 and 41 are also included. The aw sets,
included in Mg-Cl parametrization, are from: Suhotin40 (set
6), m(max) ) 6.30 mol ·kg-1, at (0, 25, 50, 75, and 100) °C (n
) 60), and from Zaizev et al.41 (set 7), temperature ranging
from (0 to 100) °C and m(max) ) 7.00 mol ·kg-1 (n ) 200).
There is a very good agreement between all sets of osmotic
coefficient and water activity data at (0 to 100) °C. Note that in
our parametrization the osmotic data in the supersaturated
solutions are not considered (i.e., 25 °C data of Stokes37 and of
Rard and Miller39 at (5.92 mol ·kg-1 < m(MgCl2) < 6.0
mol ·kg-1).

Table 2. Predicted Mean Activity Coefficient (γ() of MgCl2 in Binary MgCl2 + H2O Solutions as a Function of Molality m (in mol ·kg-1) Up to
6m at (0 and 100) °C

m(MgCl2) activity coefficient γ( (MgCl2)calcd
values of: (mol ·kg-1) 0.1 0.25 0.5 1.0 2.0 4.0 6.0

t/(°C)
this studya 0 0.52346 0.488 0.4978 0.618 1.2342 7.1214 50.955
calcdb 0.5438 0.5046 0.618 1.21 7.29
this studya 100 0.4709 0.385 0.4114 0.6212 2.0858
calcdb 0.45326 0.409 0.3662 0.394 0.60 2.003 8.377

a Predictions of the model presented here (Table 1). b Predictions of the model of Holmes and Mesmer.28

Table 3. Calculated Values of the Logarithm of the Thermodynamic Solubility Product (ln Ko
sp) of MgCl2 ·6H2O(cr) and HCl ·MgCl2 ·7H2O(cr)

at (0, 25, 50, 75, and 100) °C, Where m(sat) Is the Molality of the Saturated Binary MgCl2 + H2O Solutionsa

m(sat)/(mol ·kg-1) ln Ko
sp

salt composition calcd exptlb calcd ref data

0 °C
MgCl2 ·6H2O(cr) 5.63 5.55 10.818 (( 0.08)
HCl ·MgCl2 ·7H2O(cr) 22.7 (( 0.20)

25 °C
MgCl2 ·6H2O(cr) 5.79 5.80 10.114 (( 0.06) 10.26c

10.39 to 10.6d

HCl ·MgCl2 ·7H2O(cr) 21.7 (( 0.10)

50 °C
MgCl2 ·6H2O(cr) 6.26 6.27 9.714 (( 0.08) 9.86e

HCl ·MgCl2 ·7H2O(cr) 20.82 (( 0.10) 50 °C: 19.31f

40 °C: 20.03g

75 °C
MgCl2 ·6H2O(cr) 6.715 6.58 to 6.8 9.266 (( 0.09) 9.22e

HCl ·MgCl2 ·7H2O(cr) 20.05

100 °C
MgCl2 ·6H2O(cr) 7.64 7.66 8.685 (( 0.10)
HCl ·MgCl2 ·7H2O(cr) 19.0

a Numbers in parentheses are the deviations of the ln Ko
sp constants in experimental equilibrium ternary solutions (refs 45 to 52). b From Linke43 and

Zdanovskii and Cheremnyh.42 c Harvie et al.3 d Christov et al.19 and Christov.20 e Balarew et al.44 f Yahong et al.33 g Yahong et al.32
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The bishofite solubility data in the MgCl2 + H2O system at
(0 to 100) °C are used to evaluate the chemical potential of
solid mineral. The agreement between the bishofite equilibrium
solubility data presented in the literature is very good. The
smoothed solubility data of Zdanovskii and Cheremnyh42 and
those summarized by Linke43 are used in parametrization.
According to the data, MgCl2 ·6H2O(cr) is the only stable phase
in this binary system from (0 to 100) °C.

The resulting �(0)(Mg,Cl), �(1)(Mg,Cl), and C�(Mg,Cl) pa-
rametrization for the binary MgCl2 + H2O system is presented
in Table 1. It gives excellent agreement with the data for
unsaturated binary solutions. The model fits the T-variable
osmotic data of Snipes et al.35 (set 1) and of Patll et al.36 (set
2) with sigma values (σ) of 0.044 and 0.065, respectively. For
definition of sigma, see Christov and Moller.21 The summary
sigma value (σ) for the fit of the osmotic data at standard
temperature (sets 3 to 5) is 0.038. The summary sigma value
for water activity data (sets 6 and 7) is 0.094. Figure 1 compares
the �(0)(Mg,Cl) and �(1)(Mg,Cl) parametrization vs temperature,
established in this study with the most widely used recom-
mendations of Balarew et al.,18 and Christov20 at 25 °C, and
by Pabalan and Pitzer4 at (0, 50, 75, and 100) °C. The
parameters of Pabalan and Pitzer at each temperature are
calculated from their temperature dependence equations. As is
shown, the T- variable �(0)(Mg,Cl) and �(1)(Mg,Cl) binary
parameter values obtained in this study are very close to those
given in the literature4,18,20 at (0 to 100) °C (see Figure 1).
Similarly to the recommendations of Pabalan and Pitzer we
determined �(0)(Mg,Cl) parameters which very smoothly de-
crease with temperature, while �(1)(Mg,Cl) increases with
temperature more sharply. The C�(Mg,Cl) parametrization
established here follows the same trend with temperature from
(0 to 100) °C as those established by Christov18,20 and Pabalan
and Pitzer:4 C�(Mg,Cl) decreases with temperature and has a
negative value at 100 °C only (see Table 1). In this study, we
evaluate lower C� values than those given in the literature. The
relatively high difference of C�(Mg,Cl) values is not surprising
since the Mg-Cl parametrization uses a different concentration
range of experimental data. Following our solubility approach,
the pure electrolyte Mg-Cl parameters are evaluated here using
binary system activity data for unsaturated solutions and
bishofite solubility data. Therefore, Mg-Cl pure electrolyte
parametrization established here is valid up to saturated binary
solutions and from (0 to 100) °C.

The magnesium chloride mean activity coefficient values,
available in the literature, are used here to validate the solution
model predictions. The solution model predicts mean activity
coefficients (γ() of MgCl2 which are in very good agreement
with recommended values of Stokes,37 Robinson and Stokes,38

and Rard and Miller39 at 25 °C (up to saturation) and of Holmes
and Mesmer28 at 50 °C (to 6 mol ·kg-1 MgCl2). The (25 and
50) °C comparison is given in the previous study of the author
(see Table 3 in Christov8). Here, in Table 2 we compare our
γ( (MgCl2) calculations with recommendations of Holmes and
Mesmer28 at (0 and 100) °C and up to 4 mol ·kg-1 MgCl2. Figure
2 shows the comparison of the model presented here (Table 1)
and the calculations of Holmes and Mesmer (see their Table 6
at saturation pressure) vs concentration and temperature [from
(0 to 100) °C]. The low molality (e 4 mol ·kg-1 MgCl2)
predictions of both models are in excellent agreement. According
to both models, the magnesium chloride mean activity coef-
ficient sharply decreases with temperature ranging from (0 to
100) °C and at high molality (> 2 mol ·kg-1). Note that the
T-variable ORNL researchers model is valid only for low
molality MgCl2 + H2O binary solutions, up to 4 mol ·kg-1

MgCl2. The MgCl2 + H2O model presented here describes
precisely not only low molality solution behavior (see Table 2
and Figure 2) but also bishofite equilibrium at much higher
solution concentration (up to 7.64 mol ·kg-1 MgCl2 at 100 °C;
see Figure 4 and text below). This finding permits a conclusion
that the concentration extension of the Mg-Cl parametrization
up to saturation do not decrease the accuracy of the model for
describing the solution behavior at low molality.

The temperature-variable thermodynamic solubility product
(as ln Ko

sp) at (0 to 100) °C of bishofite is evaluated from
solubility data in the MgCl2 + H2O binary system using the
evaluation of the Mg-Cl binary interaction parameters. The
calculated ln Ko

sp values are given in Table 3 and Figure 3 (as
a solid line). The model predicts solubility product values, which
are in very good agreement with recommendations given in other
publications (Christov20 at 25 °C and Balarew et al.44 at (50
and 75) °C; see triangles on Figure 3). The main reason for the
small ln Ko

sp differences is the differences in m(sat) values used
in calculations. The established thermodynamic solubility
product of MgCl2 ·6H2O(cr) gives a very good agreement with
bishofite pure water (0 to 100) °C solubility data of Zdanovskii

Figure 1. Comparison of �(0)(Mg,Cl) and �(1)(Mg,Cl) pure electrolyte
parameters evaluated in this study [solid lines: (0 to 100) °C)] with the
recommended values (symbols) of Christov20 (at 25 °C) and Pabalan and
Pitzer4 at (0, 50, 75, and 100) °C.

Figure 2. Comparison of mean MgCl2 activity coefficients in MgCl2 +
H2O solutions calculated by the model (solid lines: (25, 50, 75, and 100)
°C; dashed-dotted line: 0 °C) with the recommended values of Holmes and
Mesmer28 (symbols) from (0 to 100) °C (symbols: open squares, 0 °C;
crosses, 25 °C; open triangles, 50 °C; open diamonds, 100 °C).
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and Cheremnyh42 and Linke43 (σ ) 0.050). Figure 4 compares
calculated (solid line) and experimental (open squares)
MgCl2 ·6H2O(cr) solubility in the MgCl2 + H2O system as a
function of temperature from (0 to 100) °C.

EWaluation of Parameters in the HCl + MgCl2 + H2O
System. The (0 to 100) °C solubility data in this ternary system
are used to evaluate T-variable θ(Mg,H) and Ψ(Mg,H,Cl)
mixing parameters and the standard chemical potential (as ln
Ko

sp) of hydrogen carnallite (HCl ·MgCl2 ·7H2O(cr)) double salt,
which precipitate from saturated ternary solutions. There is some
inconsistency in the data given in the literature on the composi-
tion of solids, which are in equilibrium with saturated solutions.
Some authors did not identify crystallization of HCl ·
MgCl2 ·7H2O(cr) at high acid concentration and reported a
solubility diagram which consists of the crystallization field of
MgCl2 ·6H2O(cr) only. Other authors reported diagrams which
consist of fields of equilibrium crystallization of two solids:
bishofite and hydrogen carnallite. However, the composition of
equilibrium solutions in all data sets and from (0 to 100) °C
are in good agreement. The following MgCl2 ·6H2O(cr) equi-
librium data in the ternary HCl + MgCl2 + H2O system are
used in mixed model parametrization: data of Engel45 (0 °C),
of Obuhov and Lavrov46 [(0, 25, 50, 82, and 100) °C], of
Obuhov and Mihailov47 [(60, 70, and 90) °C], of Grushvizkii

and Shmidt48 [(0 and 25) °C], of Ke Juan and Wen-Tschi49 (0
°C), of Voelz-Fladrich50 [(0, 25, 35, and 45) °C], and of Dahne51

[(0, 50, 60, 70, and 80) °C]. In addition to these data we also
included in evaluations all high acid concentration data available
in the literature on HCl ·MgCl2 ·7H2O(cr) equilibrium. These
data are given by Ke Juan and Wen-Tschi (at 0 °C and up to
m(HCl) ) 19.7 mol ·kg-1), by Voelz-Fladrich (at 0 °C up to
m(HCl) ) 18.83 mol ·kg-1; at 25 °C up to m(HCl) ) 18.0
mol ·kg-1; at 35 °C up to m(HCl) ) 14.84 mol ·kg-1, and at 45
°C up to m(HCl) ) 10.23 mol ·kg-1), and by Dahne (0 °C up
to m(HCl) ) 22.7 mol ·kg-1, at 50 °C up to m(HCl) ) 14.04
mol ·kg-1, and at 60 °C up to m(HCl) ) 8.69 mol ·kg-1). Note
that hydrogen-carnallite equilibrium solubility data cover a
temperature range from (0 to 60) °C. All these ternary system
solubility data are summarized in Zdanovskii et al.52

In the solubility data correlations, the evaluations of the binary
parameters for aqueous MgCl2 and of MgCl2 ·6H2O(s) standard
chemical potential established above are used (Tables 1 and
3). In this parametrization, the H-Cl pure electrolyte parameters
at (0 to 100) °C are calculated from temperature dependence
equations (covering the (0 to 250) °C range) presented in our
previous study (Christov and Moller6) (Table 1). The param-
etrization of a mixed system model began at standard temper-
ature, for which the experimental data are more complete. As
a first step in θ(Mg,H) and Ψ(Mg,H,Cl) parametrization, we
introduced in our model the same mixing parameter values as
in the brine system model of Harvie et al.3 Nevertheless, using
different Mg-Cl and H-Cl pure electrolyte parameters, which
are used in both models, and different molality ranges of mixed
system solubility data used in parametrization (Harvie et al.3

model is valid only up to m(HCl)) 7.0 mol ·kg-1 and do not
consider HCl ·MgCl2 ·7H2O(cr) precipitation), it was found that
Harvie et al. mixing parametrization fit very well the experi-
mental solubility data in this mixed system up to m(HCl) ) 18
mol ·kg-1. To extend the parametrization to low (0 °C) and high
(100 °C) temperature, it was necessary to vary both θ(Mg,H)
and Ψ(Mg,H,Cl) parameters with temperature. To extend our
HCl ·MgCl2 ·7H2O(cr) equilibrium precipitation model to high
temperature (100 °C), outside the temperature range of experi-
mental data [(0 to 60) °C], an approach described in a previous
study7 of the author is used. We plot the polythermal diagram
predicted by the model for the composition of HCl + MgCl2 +
H2O solutions saturated with two solid phases (MgCl2 ·6H2O(s)
+ HCl ·MgCl2 · 7H2O(cr)). At 60 °C < T < 100 °C we vary
θ(Mg,H) and Ψ(Mg,Ha,Cl) mixing parameters, as well as the
standard chemical potential of hydrogen-carnallite, trying to
keep a smooth parametrization with temperature [ranging (from
0 to 100) °C] and smooth magnesium chloride and HCl
concentrations for invariant (MgCl2 ·6H2O(s) + HCl ·MgCl2 ·
7H2O(cr)) points. The resulting θ(Mg,H) and Ψ(Mg,H,Cl) and
ln Ko

sp(HCl ·MgCl2 ·7H2O(cr)) model is presented in Tables 1
and 3. According to the model calculations, the thermodynamic
solubility product of hydrogen-carnallite smoothly decreases
with temperature from 22.7 at 0 °C to 19.0 at 100 °C (see also
the upper solid line on Figure 3). The model predicts slightly
higher ln Ko

sp(HCl ·MgCl2 ·7H2O(cr) values at (40 and 50) °C
than the model of Yahong et al.32,33 (open squares on Figure 3;
max difference of 0.65 log units). Figure 5 compares θ(Mg,H)
and Ψ(Mg,H,Cl) mixing parameters evaluated here (solid lines),
with those determined by other authors (symbols) and from (0
to 100) °C. Our θ(Mg,H) evaluations give a smooth increase
with temperature and an approximately linear decrease of
Ψ(Mg,H,Cl) with increasing temperature from (0 to 100) °C.
As shown in Figure 5, the (0 to 50) °C mixing parameters of

Figure 3. Comparison of thermodynamic solubility product (ln Ko
sp) of

MgCl2 ·6H2O(cr) and HCl ·MgCl2 ·7H2O(cr) determined in this study [solid
lines: (0 to 100) °C] with the recommended values (symbols). Symbols:
open triangles, recommendations of Christov et al.19 (25 °C) and Balarew
et al.44 at (50 and 75) °C; open squares, recommendations of Yahong et al.
at (40 and 50) °C.

Figure 4. Calculated (solid line) and experimental (open squares: Linke,43

Zdanovskii and Cheremnyh42) solubility of MgCl2 ·6H2O(cr) in the MgCl2

+ H2O system as a function of temperature at (0 to 100) °C.
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Yahong et al.31-33 (see open triangles), which are determined
using MgCl2 ·6H2O(cr) and HCl ·MgCl2 ·7H2O(cr) solubility
data in the mixed system, are very scattered and different from
those evaluated here, especially at (40 and 50) °C. The main
reason for this difference can be the application range of HCl(aq)
pure electrolyte parameters, which Yahong et al. used in their
mixed model. The θ(Mg,H) model presented here is in relatively
good agreement with the models of Roy et al.30 (open diamonds
in Figure 5a) and Koenigsberger et al.17 (open squares). The
differences in Ψ(Mg,H,Cl) mixing parameters evaluated here
(solid line on Figure 5b) and in the model of Roy et al.30 (open
diamonds) can be explained with a very big difference in HCl
m(max) values of experimental data used in model development.
The model predicts high consistency with temperature composi-
tion of (MgCl2 ·6H2O(cr) + HCl ·MgCl2 ·7H2O(cr)) coexistence
point (see Figure 6). According to the model predictions, in
the invariant point the molality of MgCl2 increases, and the
molality of HCl decreases with temperature from (0 to 100)
°C. The model predictions (crosses-solid line) are in excellent
agreement with available experimental data, from (0 to 50) °C
(see open symbols in Figure 6).

As a final test of the solid-liquid equilibria model developed
in this study, in Figure 7 we compare the model predictions
and the experimental solubility isotherms. The T-variable (0 to
100) °C mixed system model is in excellent agreement with all
bishofite [from (0 to 100) °C] and hydrogen-carnallite [from
(0 to 60) °C] solubility data available in the literature. In all
five figures, the solid symbols represent bishofite equilibrium
data, and the open symbols correspond to the hydrogen-carnallite

saturation data. According to the model, at (0 to 100) °C the
solubility isotherm consists of two branches corresponding to
the crystallization of MgCl2 · 6H2O(cr) and HCl ·MgCl2 ·
7H2O(cr). Therefore, the high acid molality data points of
Obuhov and Lavrov46 at (0 and 25) °C on MgCl2 ·6H2O(cr)
precipitation (see solid circles at high HCl concentration in
Figure 7a and 7b) are estimated as not correct and excluded in
parametrization. The summary standard deviation values of
bishofite and hydrogen-carnallite solubility data in the mixed
HCl + MgCl2 + H2O system are 0.076 and 0.065, respectively.
The deviations of the thermodynamic solubility constants of
MgCl2 ·6H2O(cr) and HCl ·MgCl2 ·7H2O(cr) in their saturated
ternary solutions, which are experimentally determined, are
given in branches in Table 3.

Note that the low molality binary system HCl + H2O model,
which has been established in our previous study using
experimental activity and solubility data up to m(HCl) ) 8
mol ·kg-1, was used here in construction of the present mixed
model without any changes. The accurate prediction of
HCl ·MgCl2 ·7H2O(cr) solubility up to 25 mol ·kg-1 HCl also
proves the accuracy of the concentration extension of our HCl
+ H2O parametrization. The good agreement between the
mixing model predictions and solubility data given in the
literature also shows the consistency of (1) binary systems HCl
+ H2O and MgCl2 + H2O models and (2) the ternary system
HCl + MgCl2 + H2O model, established here and presented in
Tables 1 and 3.

Applications

The equilibrium (0 to 100) °C models for MgCl2 + H2O
binary and HCl + MgCl2 + H2O ternary systems have also
been used to calculate deliquescence relative humidity (DRH)
of bishofite in its saturated binary solutions, as well as
deliquescence relative humidity (DRH/MDRH) of mixed HCl
+ MgCl2 + H2O solutions in equilibrium with MgCl2 ·6H2O(cr)
and HCl ·MgCl2 ·7H2O(cr). Within the salt-solution model,
relative humidity is related to water activity, aw, according to
the equation53,54

aw ) Pw/Pw
o ) RH/100 (4)

where Pw and Pw
o are the vapor pressure of the saturation

solution and pure water, respectively, at given temperature.

Figure 5. Comparison of θ(Mg,H) and Ψ(Mg,H,Cl) mixing ion interaction
parameters evaluated in this study [solid lines: (0 to 100) °C)] with the
reference values (symbols). (a) θ(Mg,H); (b) Ψ(Mg,H,Cl). On both figures,
stars, open triangles, and open diamonds represent the parameters determined
by Harvie et al.3 (25 °C), Yahong et al.31-33 at (0 to 50) °C, and Roy et
al.30 at (5 to 45) °C. The open squares in Figure 5a show the θ(Mg,H)
values of Koenigsberger et al.17

Figure 6. Comparison between calculated (stars-solid line) and experimental
(open symbols) composition of (MgCl2 ·6H2O (cr) + HCl ·MgCl2 ·7H2O
(cr)) invariant point in the HCl + MgCl2 + H2O system from (0 to 100)
°C. Symbols: open diamond, Ke Juan and Wen-Tschi;49 open triangles,
Voelz-Fladrich;50 open squares, Dahne.51
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The results of DRH (bishofite) calculations are presented in
Table 4. According to the equilibrium model DRH of bishofite
in binary system MgCl2 + H2O is about constant (≈ 34.4 %)
at low temperature. The calculated DRH value at 25 °C is in
good agreement with the determinations of Rard and Miller39

and Stokes.37 At higher temperature, DRH (MgCl2 ·6H2O(cr))

sharply decreases and at 100 °C is about 23 %. According to
the HCl + MgCl2 + H2O equilibrium model, the effect of HCl
on the DRH/MDRH values of the bishofite solid phase is very
strong (see Table 5). At 25 °C the relative humidity decreases
from 34.4 % in saturated binary MgCl2 + H2O solutions to
MRDH ) 16.1 % in the (MgCl2 · 6H2O(cr) + HCl ·MgCl2 ·

Figure 7. Calculated (solid lines, MgCl2 · 6H2O(cr) equilibrium; dashed-dotted lines, HCl ·MgCl2 · 7H2O(cr) equilibrium) and experimental solubility of
MgCl2 ·6H2O(cr) (solid symbols) and HCl ·MgCl2 ·7H2O(cr) (open symbols) solid phases in the HCl + MgCl2 + H2O system. (a) 0 °C; (b) 25 °C; (c) 50
°C; (d) 75 °C; (e) 100 °C. The ternary system experimental solubility data are from: (a) Circles, Obuhov and Lavrov;46 squares, Dahne;51 triangles, Voelz-
Fladrich;50 open diamonds, Ke Juan and Wen-Tschi;49 crosses, and Engel.45 (b) Circles, Obuhov and Lavrov;46 triangles, Voelz-Fladrich;50 stars, Grushvizkii
and Shmidt.48 (c) Squares, Dahne;51 Voelz-Fladrich50 (data at 45 °C: triangles). (d) Squares, data of Dahne51 at 70 °C; triangles, data of Dahne51 at 80 °C;
diamonds, data of Obuhov and Mihailov47 at 70 °C. (e) Circles, Obuhov and Lavrov.46
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7H2O(cr)) invariant point. The model predicts a very low relative
humidity value for hydrogen-carnallite. With increasing HCl
molality from 11.4 mol ·kg-1 (cocrystallization point) to 15.0
mol ·kg-1, MDRH/DRH (HCl ·MgCl2 ·7H2O(cr)) decreases from
16.1 % to 9.15 %. New chemical kinetic experiments are needed
to validate these model predictions.
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