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INTRODUCTION

Bromine (bromide ion) is one of the best studied
trace components of natural brines. It does not form its
own minerals but substitutes for chloride ion in halite,
sylvite, carnallite, and bischofite. The proportion of the
contents of chloride and bromide ions in liquid and
solid phases (bromine–chlorine index, Br · 
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3

 

/

 

Cl) is
one of the most widely used geochemical indicators of
salt accumulation conditions [1]. The goal of this study
is to calculate the thermodynamic parameters of a
model of natural brines accounting for the presence of
bromide ions in brines and salts crystallizing from
them. Modeling was performed in the reciprocal five-
component system Na
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, 

 

K

 

+
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Mg

 

2+

 

 

 

||

 

 

 

Cl

 

–
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Br
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–H

 

2
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. The equilibrium compositions of the liquid and
solid phases can be calculated for this system during all
stages of chloride precipitation, starting from halite and
completing in the eutonic point.

In this paper, we continue the analysis of phase equi-
libria in model salt–water systems accounting for the
presence of trace components in natural brines, which
was commenced in an accompanying paper [2]. The
algorithm of thermodynamic modeling used in this
study was described in detail elsewhere [3, 4]. The
dependence of excess thermodynamic functions (activ-
ity coefficients of electrolytes and osmotic coefficient
of water) on solution composition was approximated by
the Pitzer equations [5], which were also given in [3, 4].
The description of a binary system by the Pitzer method
requires no more than four parameters: 
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, which are independent of ionic strength and charac-
terize binary (
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) and ternary (
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ϕ

 

) short-range
interactions between the ions of electrolyte only. They
are determined on the basis of experimental data on
water activity or activity coefficients of electrolytes in

binary systems. The parameters 

 

θ

 

 and 

 

ψ

 

 describe binary
and ternary short-range interactions between ions of
different electrolytes and are calculated from experi-
mental data for ternary systems. A transition to systems
containing more than three components does not
require the introduction of new parameters, and in most
cases, all calculations are performed on the basis of
data on binary and ternary subsystems. An exception is
the case when solid phases crystallizing in a multicom-
ponent system are missing in all its ternary subsystems.
This circumstance is one of the advantages of the Pitzer
method over other methods for the calculation of activ-
ity coefficients in electrolyte solutions.

Thus, the database for the construction of a thermo-
dynamic model of a multicomponent salt–water system
on the basis of the Pitzer equations includes an array of
parameters for the binary and ternary subsystems of the
system and the thermodynamic potentials of solid
phases crystallizing in the system (ln

 

K

 

sp

 

, where K

 

sp

 

 is
the solubility product calculated accounting for the
activity coefficients of all components). These parame-
ters are given in Tables 1–3.

The Pitzer parameters of binary and some ternary
systems were taken from the literature or previously
calculated by us. Missing parameters were constrained
in the present study using experimental data on solubil-
ity in the three-component salt–water systems NaBr
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H

 

2

 

O
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NaBr

 

–

 

MgBr

 

2
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2

 

O, and KBr
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O
at 
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. The solubility diagrams of ternary bromide
systems calculated using these parameters are shown in
Fig. 1. It can be seen that the results of calculations are
generally consistent with the experimental data, and
most of the three-component systems are adequately
described by the Pitzer equations with zero values for 

 

θ

 

and 

 

ψ

 

.
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Abstract

 

—This paper reports the calculations of parameters for the Pitzer equation and thermodynamic poten-
tials of solid phases crystallizing in water–salt systems modeling chloride brines taking into account the pres-
ence of bromide ions in them. Solubility diagrams were calculated for corresponding ternary and quaternary
systems containing chlorides and bromides of sodium, potassium, and magnesium at 

 

25°C

 

. The results of cal-
culations are in adequate agreement with the available published experimental data on solubility and can be
used to model salt crystallization during the concentration of seawater and brines.
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The five-component reciprocal system Na
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O includes five four-component sub-
systems: three reciprocal systems 
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O). Similar to our previous studies (e.g.,
[3, 4]), four-component systems were chosen for the
graphical presentation of the results of calculations and
evaluation of their agreement with experimental data.
Systems with a higher number of components are diffi-
cult to visualize, because their phase diagrams are
three- or higher-dimensional. In addition they are stud-
ied much less comprehensively. On the other hand,
three-component solutions are oversimplified to be
regarded as models for natural systems. In our opinion,
the calculation of solubility diagrams is a necessary
step in the creation of a thermodynamic model for salt
deposition, because it provides a means for a graphic
comparison of calculated results with experimental
data and, thus, the objective assessment of model agree-
ment with real physicochemical processes.

A specific feature of the system is the crystallization
of a number of solid solutions in it. Let us consider an
algorithm for the calculation of phase equilibria in a
salt–water system with crystallization of solid solutions
by the example of a four-component reciprocal water–
salt system, M, N 

 

||

 

 X

 

,

 

Y

 

–

 

H

 

2

 

O, where M and N are cat-
ions and X and Y are anions (as was noted above, such
diagrams are used to estimate the consistency of calcu-
lated and experimental data). We first briefly address
the case when solid phases in equilibrium with a solu-

tion have fixed compositions, l
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, where  is the stoichiometric coeffi-
cient of the 

 

j

 

th component, salt or water, in the 

 

i

 

th solid

l1
i MX l2

i NX l3
i MY

l4
i NY l5

i H2O l j
i

Table 1.  Parameters of Pitzer equations for binary systems at 25°C

 System β(0) β(1) β(2) Cϕ α1 α2 Reference*

NaCl–H2O 0.0765 0.2664 0 0.00124 2 – [6]

KCl–H2O 0.0484 0.2122 0 –0.00084 2 – [6]

MgCl2–H2O 0.3509 1.6508 0 0.00610 2 – [6]

NaBr–H2O 0.1060 0.2701 –0.0145 –0.00071 2 1 [7]

KBr–H2O 0.0554 0.2307 0 –0.00156 2 – [8]

MgBr2–H2O 0.3668 1.8945 –0.1114 0.00324 2 1 [9]

* Here after, the references in which the values of parameters were calculated are given.

Table 2.  Parameters of Pitzer equations for three-component systems at 25°C

 Ion pair θ Referenc  Ion triplet ψ Reference

Na+, K+ –0.017 [10] K+, Mg2+, Cl– –0.0140 [12]

Na+, Mg2+ 0 [11] Na+, K+, Br– 0 Our data

K+, Mg2+ –0.083 [12] Na+, Mg2+, Br– 0 Our data

Cl–, Br– 0 [7] K+, Mg2+, Br– 0 Our data

Ion triplet ψ Reference Na+, Cl–, Br– 0 [7]

Na+, K+, Cl– –0.0007 [10] K+, Cl–, Br– 0 [7]

Na+, Mg2+, Cl– 0 [11] Mg2+, Cl–, Br– 0 [9]

Table 3.  Thermodynamic solubility products of solid phases
at 25°C

Solid phase  lnKsp Reference

NaCl (halite) in NaBr-based solid 
solutions

3.65 
3.50*

[4]
Our data

NaCl · 2H2O (hydrohalite) 3.61** [4]
KCl (sylvite) 2.09 [4]
MgCl2 · 6H2O (bischofite) 10.52 [4]
KCl · MgCl2 · 6H2O (carnallite)
in solid solutions based on 
KBr · MgBr2 · 6H2O

9.90 
10.30*

[4] 
Our data

NaBr
in NaCl-based solid solutions

6.50** 
6.78*

Our data 
[9]

NaBr · 2H2O 4.76 [9]
KBr 2.60 [8]
MgBr2 · 6H2O 9.98 [9]
KBr · MgBr2 · 6H2O in solid solu-
tions based on KCl · MgCl2 · 6H2O

10.90 
9.00*

Our data 
Our data

Notes: * Hypothetical lnKsp values for the components of solid
solutions.

** lnKsp for modifications, metastable in binary solutions at
25°C.
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phase (see [4] for more detail). Then, the sum lnaMX

+ lnaNX + lnaMY + lnaNY +  must be con-
stant and equal the logarithm of the solubility product
of the respective compound:

where  and  are the standard chemical
potentials of the ith compound in the solid and liquid
phases, respectively; R is the universal gas constant; T
is the temperature; and aj are the activities of solution
species, which are calculated by the expressions

ln aMX = νMln mM + νX ln mX + ν ln γMX 

and

In these equations, νM and νX are the numbers of M and
X ions in the electrolyte formula MX; ν = νM + νX. The
values of γMX (average ion activity coefficient of salt)
and ϕ (osmotic coefficient of water) are determined on
the basis of an accepted calculation method, the Pitzer
method in our case.

Using the molalities of ions, mM, mN, mX, and mY, as
independent compositional variables, the composition
of solution in an invariant point is obtained by solving
a system of four equations, three of which describe the
conditions of phase and chemical equilibria, and the
fourth is the electroneutrality equation.

(1)

Lines corresponding to the simultaneous crystallization
of two salts are calculated from equation system (1)
under the condition that one compositional variable
remains constant, for instance mN = const. The crystal-
lization fields of particular solid phases can be con-
structed in a similar way.

Consider now the case when solid solutions are
crystallized in the M, N || X, Y system. Let a liquid
phase be in equilibrium with a solid solution based on
two anhydrous electrolytes, MX and MY, and having
the composition ; in the case considered, it

can be exemplified by the solid solution 

or . The thermodynamic description of the
solid phase is based on the model of regular solid solu-
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Fig. 1. Solubility diagrams for the three-component sys-
tems (a) NaBr–KBr–H2O, (b) NaBr–MgBr2–H2O, and
(c) KBr–MgBr2–H2O at 25°ë. Here and in other diagrams,
unfilled circles and lines correspond to calculated values,
and other symbols show the experimental data of various
authors [14]. Invariant points: E, eutonic; P, peritonic; and
O, tributary point.
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tions, according to which the activity coefficients of salt
components (for the symmetrical normalization of
activities, i.e.,  = 0 for the pure ith salt) can be cal-
culated by the equations

where α is the parameter of nonideality for the regular
solid solutions under question. Then, in accordance
with the conditions of phase and chemical equilibria,
the following equation is satisfied for the activity of the
salt component MX in the liquid phase (aMX):

Thus, the equilibrium of a liquid solution saturated with
respect to the solid solution  is described by

the system of equations

(2)

Hereafter,  = . The values of lnKsp for anhydrous

salts, as well as their crystal hydrates, are determined
from solubility measurements in binary systems. Note
that if the crystallizing solid solutions are irregular, the
problem does not change fundamentally and only the
form of the function lnγ s = f(x) will be modified.

Similarly, for the equilibrium of a liquid phase with
solid solutions based on crystal hydrates,  ·
nH2O (for instance,  · 2H2O in the sys-

tem considered below), the following system is
derived:

γ i
sln

RT γ MX
sln α 1 x1–( )2,=

RT γ MX
sln αx1

2,=

aMXln µ 0( )s µ 0( )1–
RT

--------------------------- x1
α

RT
------- 1 x1–( )2.+ln+=

MXx1
Y1 x1–

aMXln Ksp MX( ) x1 α̃ 1 x1–( )2+ln+ln=

aMYln Ksp MY( ) 1 x– 1( ) α̃x1
2.+ln+ln=⎩

⎨
⎧

α̃ α
RT
-------

MXx2
Y1 x2–

NaClx2
Br1 x2–

(3)

In this case, it is assumed that the crystal hydrates have
identical numbers of water molecules, because such
solid solutions are formed in the systems considered
below. The algorithm of computations for salt compo-
nents with different numbers of crystallization water
molecules was described by Rumyantsev et al. [8].

Finally, the crystallization of solid solutions based
on  · nH2O (e.g., mixed chloride–bromide
carnallite in our systems) is described by the similar
system of equations:

(4)

In such a case, the values of lnKsp are determined from
solubility data in ternary systems.

If experimental data on the compositions of coexist-
ing liquid and solid phases are available in the litera-
ture, the regular nonideality parameter of the solid
phase, α, can be determined by minimizing the differ-
ence between the left-hand and right-hand sides of
Eqs. (2)–(4). These parameters were previously deter-
mined for the chloride–bromide solid solutions of sodium,
potassium, and magnesium [7–9] and are given in Table 4.
Preliminary calculations of phase equilibria for the sys-
tem Na+, Mg2+ || Cl–, Br––H2O, in which chloride–bro-
mide carnallite solid solutions (KMgCl3xBr3(1 – x) ·
6H2O) are crystallized, showed that they are well
described by the model of ideal solid solutions, i.e.,
with α = 0.

After the general description of the algorithm, con-
sider particular four-component reciprocal systems. We

aMX n aH2Oln+ln Ksp MX nH2O⋅( ) ln=

+ x2 α̃ 1 x2–( )2+ln

aMY n aH2Oln+ln Ksp MY nH2O⋅( ) ln=

+ 1 x2–( ) α̃x2
2.+ln⎩

⎪
⎪
⎨
⎪
⎪
⎧

MNXx3
Y1 x3–

aMX aNX n+ln aH2Oln+ln  

= Ksp MX NX nH2O⋅ ⋅( ) ln + x3 α̃ 1 x3–( )2+ln

aMY aNY n+ln aH2O ln+ln

= Ksp MY NY nH2O⋅ ⋅( )ln + 1 x3–( ) α̃x3
2.+ln⎩

⎪
⎪
⎨
⎪
⎪
⎧

Table 4.  Regular parameters describing the nonideality of binary solid solutions at 25°C

 System  Solid solution Basis of solid solution , relative unit Reference

NaCl–NaBr–H2O NaClxBr1 – x NaCl 1.01 [7]

NaCl–NaBr–H2O NaClxBr1 – x · 2H2O NaBr · 2H2O 1.01 [7]

Na+, Mg2+||Cl–, Br––H2O NaClxBr1 – x NaBr 1.01 Our data

KCl–KBr–H2O KClxBr1 – x Continuous series 1.21 [8]

MgCl2–MgBr2–H2O MgCl2xBr2(1 – x) · 6H2O Continuous series 1.01 [9]

K+, Mg2+||Cl–, Br––H2O KMgCl3xBr3(1 – x) · 6H2O KCl · MgCl2 · 6H2O 0.00 Our data

K+, Mg2+||Cl–, Br––H2O KMgCl3xBr3(1 – x) · 6H2O KBr · MgBr2 · 6H2O 0.00 Our data

α̃
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begin with the system Na+, K+ || Cl–, Br––H2O at 25°ë
(Fig. 2). Three solid phases of variable composition
crystallize in this system: , ,

and  · 3H2O. Correspondingly, the solu-
bility diagram includes three crystallization fields,
three limbs of univariant equilibria between a liquid
solution and two solid phases, and one invariant point
of the eutonic type corresponding to the simultaneous
saturation of the liquid phase with respect to three solid
solutions. As an example, consider the calculation of
the limb of  and  · 2H2O
cocrystallization. The following conditions of phase
and chemical equilibrium must be satisfied for any
compositions of equilibrium liquid and solid phases:

(5)

This equation system includes five independent
variables. Three variables characterize the composition
of the liquid solution; in the case considered, these are
the molalities of three ions, for instance, mNa, mK, and
mCl, because the molality of the fourth ion, mBr, is not
independent and can be found from the electroneutral-

NaClx1
Br1 x1– KClx2

Br1 x2–

NaClx3
Br1 x3–

NaClx1
Br1 x1– NaClx3

Br1 x3–

aNaClln Ksp NaCl( ) x1 α̃1 1 x1–( )2,+ln+ln=

aNaBrln Ksp NaBr( ) 1 x1–( ) α̃1x1
2,+ln+ln=

aNaCl 2 aH2Oln+ln Ksp NaCl 2H2O⋅( )ln=

+ x3 α̃3 1 x3–( )2,+ln

aNaBr 2 aH2Oln+ln Ksp NaBr 2H2O⋅( )ln=

+ 1 x– 3( ) α̃3x3
2.+ln

ity constraint. Two variables, x1 and x3, describe the
compositions of two solid solutions. Thus, the system
defines a univariant line of the compositions of liquid
phase (liquidus) and the corresponding compositions of
solid phases (solidi).

The above-mentioned solid solutions are joined in
the invariant point by a third solid solution,

. Correspondingly, the following two
equations are added to equation system (5) describing
phase and chemical equilibrium:

(6)

This results in a system of six equations with six
variables: three variables for the composition of liquid
phase (mNa, mK, and mCl) and three variables character-
izing the compositions of three solid solutions: x1, x2,
and x3. The solution to this system yields the invariant
compositions of liquid and solid solutions correspond-
ing to the eutonic point in the solubility diagram. There
is a complication in that the activity of water in the
invariant eutonic solution must be known for calcula-
tions. Even if there is an adequate thermodynamic
model for the solution (for instance, the Pitzer model),
such a calculation is a priori impossible, because the
composition of solution (mNa, mK, and mCl) cannot be
determined, if the values of x1, x2, and x3 in the eutonic
point are not known. Thus, the systems of Eqs. (5) and
(6) can be used only in combination with direct experi-
mental data for , which can be obtained, for
instance, by the isopiestic method. To our knowledge,
there are no such data in the literature. Therefore, the
values of  must be preliminarily calculated from
the data on the composition of liquid eutonic solution
(using an appropriate thermodynamic model).

It was found that the procedure of thermodynamic
calculations can be significantly facilitated, if, instead
of simultaneous solution for the variables describing
the compositions of liquid and solid phases, the equilib-
rium compositions of solid solutions are first deter-
mined. The equilibrium composition of the liquid phase
can be obtained then from the values of xi in the coex-
isting solid solutions, because the solid solutions are in
equilibrium with each other independent of the state of
liquid solution. Let us illustrate this approach by the
example of equation system (5). Sum the right-hand
and left-hand sides of the first and fourth equations and
subtract the sums of the right-hand and left-hand sides
of the second and third equations. This yields the fol-
lowing expression:

KClx2
Br1 x2–

aKClln Ksp KCl( ) x2 α̃2 1 x2–( )2,+ln+ln=

and  aKBrln Ksp KBr( ) 1 x2–( ) α̃2x2
2.+ln+ln=

aH2O

aH2O

Ksp NaCl( ) Ksp NaBr 2H2O⋅( )ln+ln

– Ksp NaBr( ) Ksp NaCl 2H2O⋅( )ln–ln

+
x1 1 x3–( )
1 x1–( )x3

------------------------ α1 1 2x1–( ) α3 2x3 1–( )+ +ln 0.=
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Fig. 2. Solubility diagram for the system Na+, K+ || Cl–,
Br−H2O at 25°ë. See text for further explanation.
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Any linear combination of lnKsp is constant under given
temperature and pressure; consequently, the equilib-
rium value of x3 can be determined for any given x1
value.

Using the described algorithm, two remaining lines
of univariant equilibrium were constructed: liquid solu-
tion –  and liquid solution

–  · 2H2O.

The parameters of liquid and solid phases necessary
for thermodynamic description are given in Tables 1–4.
Consider in more detail the characteristics of compo-
nents of solid solutions and methods of their calculation
(Table 3). As was noted above, the values of lnKsp for
anhydrous salts or crystal hydrates can be readily calcu-
lated (using for instance, the Pitzer equation) from the
data on solubility in binary systems for those tempera-
tures at which the salts are stable phases. At 25°ë, such
solid phases in the systems considered are halite,
sylvite, bischofite, carnallite, NaBr · 2H2O, KBr, and
MgBr2 · 6H2O. In a similar way, using solubility data for
ternary systems, lnKsp values are determined for ternary
compounds, carnallite and its bromide analog, KBr ·
MgBr2 · 6H2O, in our case. The situation is more com-
plicated for the solid phases that are metastable under
the given temperatures; their characteristics at 25°ë can
be derived by the extrapolation of lnKsp(T), if there are
sufficiently reliable measurements of the temperature
effect on solubility. In particular, this procedure was
performed for hydrohalite, which crystallizes in the
NaCl–H2O binary system at negative temperatures, but
the knowledge of its potential at 25°ë is necessary for
the calculation of equilibria involving the NaClxBr1 – x ·
2H2O solid solutions. Furthermore, the calculation of
equilibria with the NaClxBr1 – x solid solutions requires
the knowledge of lnKsp for anhydrous sodium bromide
at 25°ë. However, at temperatures of lower than
50.2°ë, NaBr · 2H2O is a stable solid phase in the
NaBr–H2O binary [13].

Another problem emerges during the calculation of
different modifications of solid solutions of the same
qualitative compositions. In the systems considered,
there are two types of NaClxBr1 – x solutions, those based
on NaCl and NaBr (a small crystallization field of the lat-
ter variety of these solid solutions is present in the solu-
bility diagram of the system Na+, Mg2+ || Cl–, Br––H2O at
high MgBr2 contents). Thus, lnKsp(NaCl) values for
solid solutions based on NaBr are needed for calcula-
tions. A similar problem is related to the existence of
three types of solid solutions of chloride–bromide car-
nallite join, KMgCl3xBr3(1 – x) · 6H2O. In such cases, the
values of lnKsp can be calculated on the basis of exper-
imental data in respective four-component systems.

SYSTEM Na+, K+ || Cl–, Br––H2O

The calculated phase diagram for the system Na+,
K+ || Cl–, Br–—H2O at 25°ë is shown in Fig. 2. Similar

NaClx1
Br1 x1– KClx2

Br1 x2–

KClx2
Br1 x2– NaClx3

Br1 x3–

to the solubility diagrams of other reciprocal four-
component systems, Fig. 2 was constructed in the

Jänecke indexes of ions, Yi:  =  · 100

and  = ·100. As was noted above, the

solubility diagram includes three crystallization fields
of solid solutions, , , and

 · 2H2O; three univariant limbs of liquid
solution in equilibrium with two solid solutions; and one
invariant point. Let us consider three-component sub-
systems, which correspond to the sides of the Le Chate-
lier–Jänecke square in Fig. 2. The solubility isotherms
in two of them (NaCl–KCl–H2O and NaBr–KBr–H2O)
are simple eutonic ones. Only solid phases of fixed
composition crystallize in them at 25°ë: NaCl, KCl,
NaBr · 2H2O, and KBr. A continuous solid solution
series is formed in the KCl–KBr–H2O system. The
NaCl–NaBr–H2O system is the most interesting. Its
25°ë solubility isotherm includes two limbs of crystal-
lization of solid solutions:  on the basis
of NaCl having a face-centered cubic lattice and

 · 2H2O based on monoclinic NaBr ·
2ç2é and one invariant point of the eutonic type corre-
sponding to the coexistence of liquid and two solid
solutions. It is interesting that the type of the solubil-
ity diagram of the system considered changes in
response to temperature variations. At –10°ë, the
diagram contains a single limb of crystallization of
the continuous solid solution  · 2H2O;
and at 108.7–120.1°ë, there is also only one limb of
crystallization, but the composition of crystallizing
solid solution is different,  [14]. A dia-
gram containing solid solutions with a miscibility gap
can be observed within the temperature range limited
by the temperatures of the following transitions: NaCl ·
2ç2é  NaCl + 2H2O (0.15°ë) and NaBr ·
2ç2é  NaBr + 2H2O (50.2°C) [13]. The tempera-
ture interval must extend beyond the temperatures of
phase transitions, because the loss of crystallization
water in a ternary system must be lower than in its
binary subsystem.

The results of calculations of the composition of liq-
uid solution in the system Na+, K+ || Cl–, Br––H2O at
25°ë corresponding to univariant equilibria with two
solid solutions, are shown in Fig. 2 by bold lines. For
comparison, also shown are experimental data on the
compositions of liquid phase reported by various authors
(compositions of coexisting solid phases are unfortu-
nately unknown) [14]. As can be seen from Fig. 2, the
experimental data are in good agreement with the
results of calculations. The direction of tie lines is
shown schematically by thin lines labeled with the val-
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ues of the mole fraction of chloride ion in the respective
solid solution (x1, x2, and x3).

The notation of invariant points used in this and
other diagrams corresponds to the terminology
accepted in our publications [2, 3]. The invariant point
is designated by E, because it is a eutonic. Indeed, it can
be seen that the point of the liquid solution lies within
the triangle formed by the points of coexisting solid
solutions; this implies their simultaneous crystalliza-
tion during water evaporation. By the way, other rela-
tions are impossible in this system, because its diagram
includes only one invariant point.

SYSTEM Na+, MG2+ || Cl–, Br––H2O

In contrast to the previous system, no experimental
data were found in the literature, and the diagram pre-
sented in Fig. 2 for this system was obtained theoreti-
cally on the basis of the 25°ë solubility isotherms of
three-component subsystems and general thermody-
namic relations governing the topology of phase dia-
grams.

Similar to the previous system, only solid phases of
fixed composition crystallize in two ternary subsystems.
The diagram of one of them, NaCl–MgCl2–H2O, is of
the simple eutonic type with the limbs of halite and bis-
chofite crystallization; it is one of the best known halur-
gic systems. The handbook of [14] provides experimen-
tal data of two authors for the NaBr–MgBr2–H2O sys-
tem. One of these studies contains two points only, one
of which is a eutonic point corresponding to the equi-

librium of solution with NaBr · 2ç2é and MgBr2 ·
6ç2é. According to more recent and comprehensive
data, the solubility isotherm includes three crystalliza-
tion limbs and two invariant points (Fig. 1). One of
these points is a eutonic and the other is a tributary
point (O) corresponding to the transition NaBr ·
2ç2é  NaBr + 2ç2é. As was noted above, this
transition occurs in the NaBr–H2O binary at 50.2°ë,
but the addition of magnesium bromide to the solution
strongly depresses water activity, and this reaction may
occur already at 25°ë. We calculated two variants of the
solubility diagram: stable, consisting of three limbs
(NaBr · 2ç2é, NaBr, and MgBr2 · 6ç2é), and metasta-
ble, consisting of two limbs (NaBr · 2ç2é and MgBr2 ·
6ç2é). As can be seen from Fig. 1, the results of calcu-
lations accounting for NaBr · 2ç2é dehydration is dis-
tinctly more consistent with the experimental results of
both authors, and this variant was therefore accepted
for further calculations.

Using the solubility data from [14] for the limb of
anhydrous NaBr crystallization in the NaBr–MgBr2–H2O
system at 25°ë, we calculated also for the first time the
thermodynamic potential lnKsp(NaBr) in the crystal lat-
tice of anhydrous NaBr. Similarly, the thermodynamic
potential lnKsp(NaCl) in the solid solutions on the basis
of anhydrous NaBr was calculated in the four-compo-
nent system Na+, Mg2+ || Cl–, Br–—H2O.

Solid solutions are formed in two other ternary sub-
systems, NaCl–NaBr–H2O and MgCl2–MgBr2–H2O. The
former system was discussed above, and the latter system
crystallizes as a continuous series from MgCl2 · 6ç2é to
MgBr2 · 6ç2é; its diagram was calculated in [9].

The results of calculations for the solubility diagram of
the four-component system Na+, Mg2+ || Cl–, Br––H2O at
25°ë are shown in Fig. 3. It can be seen that it includes
four crystallization fields of various solid solutions:

 (I),  · 2H2O,

 (II), and  · 6H2O. The
two types of solid solutions on the basis of sodium
chloride and bromide were discussed above: one of
them,  (I), is based on halite and crystal-
lizes within a wide compositional range; its field occu-
pies the major portion of the diagram in Fig. 2. The sec-
ond type solid solution,  (II), is formed

by the dehydration of  · 2H2O solid solu-
tions on the basis of NaBr · 2ç2é at a significant
decrease in water activity in the liquid phase (at high
concentrations of MgBr2). Its crystal structure corre-
sponds to that of NaBr.

The solubility diagram of the system Na+, Mg2+ || Cl–,
Br––H2O at 25°ë contains five lines of univariant equi-
libria and two invariant points, one tributary point (O)
and one eutonic point (E). Unfortunately, the directions
of tie lines cannot be shown in the diagram because of
the large number of various solid solutions. Therefore,
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Fig. 3. Solubility diagram for the system Na+, Mg2+ || Cl–,
Br––H2O at 25°ë.
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the compositions of solid phases were characterized in
the following way: two arrows emanate from the calcu-
lated points of liquid phase composition, near which
the values of x1, x2, x3, and x4 are indicated. For each
crystallization limb, the sequence of description of the
composition of two solid solutions is indicated for one
of the points (for instance, x1, x2).

SYSTEM K+, Mg2+ || Cl–, Br––H2O

This system is the most complex and interesting
among all of the four-component reciprocal systems
considered in this paper. Similar to the previous cases,
we begin from the characteristics of its ternary sub-
systems. Two of them crystallize continuous solid solu-
tion series:  in the KCl–KBr–H2O system

and  · 6H2O in the MgCl2–MgBr2–H2O
system. The solubility diagrams of the other two sub-
systems, KCl–MgCl2–H2O and KBr–MgBr2–H2O,
have similar structures. Each of them includes three
limbs of crystallization of solid phases of fixed compo-
sition: the anhydrous potassium salt KCl (KBr), the bis-
chofite-type crystal hydrate MgCl2 · 6H2O (MgBr2 ·
6H2O), and the binary salt KCl · MgCl2 · 6H2O (KBr ·
MgBr2 · 6H2O).

The solubility diagram of the four-component recip-
rocal system K+, Mg2+ || Cl–, Br–—H2O includes five
crystallization fields of solid solutions (Fig. 4). In addi-
tion to the aforementioned  and

 · 6H2O, which are formed in ternary
subsystems, carnallite-type solid solutions crystallize
in the quaternary system. According to the available
experimental data, there are three possible modifica-
tions of these compounds: rhombic pseudohexagonal
with a low content of bromide-ion (0–12.2 at %), rhom-
bic pseudotetragonal with a high content of bromide-
ion (85–100 at %), and an intermediate tetragonal vari-
ety [15]. Nikolaev [16] studied in detail the system K+,
Mg2+ || Cl–, Br––H2O at 25°ë and referred to these three
types of solid solutions as rhombic chlorine-carnallite,
rhombic bromine-carnallite, and quadratic carnallite.
The stability boundaries of bromine-carnallite coincide
with the data of [15], and the boundary between rhom-
bic chlorine-carnallite and quadratic carnallite was con-
strained by the observation that the intermediate modi-
fication appeared at a Br– content of 15.5 at %, but it
was unstable at concentrations from 15.5 to 33.5 at %
and transformed with time into rhombic chlorine-car-
nallite.

The results of calculations are shown in Fig. 4. The
solubility diagram is dominated by the crystallization
field of potassium chloride–bromide solid solutions;
other fields, univariant lines, and invariant points are
crowded near the side of the quadrate corresponding to
the ternary subsystem MgCl2–MgBr2–H2O. Because of
this, the respective enlarged portion of the solubility

KClx1
Br1 x1–

MgCl2x2
Br2 1 x2–( )

KClx1
Br1 x1–

MgCl2x2
Br2 1 x2–( )

diagram is shown in Fig. 4. It includes the crystalliza-
tion fields of five solid solutions, ten lines of univariant
equilibria between a liquid solution and two solid
phases, and four invariant points (peritonic points P1
and P2 and eutonic points E1 and E2).

Preliminary calculations showed that the crystalli-
zation limbs involving chlorine- and bromine-carnallite
in the system K+, Mg2+ || Cl–, Br––H2O can be ade-
quately reproduced by the model of ideal solid solu-
tions (both  = 0). Thus, using the data on solubility
from [14–16], only two independent parameters were
separately varied: the thermodynamic potential of chlo-
ride carnallite in the lattice of bromide carnallite and
the thermodynamic potential of bromide carnallite in
the lattice of chloride carnallite (Table 3).

Thermodynamic analysis on the basis of stability
criteria with respect to infinitesimal changes in the state
[17] showed that such an unusual phase transition of
both carnallites (chloride and bromide) into a transi-
tional modification can occur only in one case, when
the thermodynamic potential of both carnallites in the
solid solution of the transitional modification is differ-
ent from the thermodynamic potentials of these phases
in their own lattices. The parameter of nonideality in
the transitional solid solutions should also be different
from the  values of end-member modifications. Oth-
erwise, four variants of stable equilibrium would be
observed: (1) the transitional phase does not form at all
(its thermodynamic potential in the components of
solid solution is higher than that in the components of
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Fig. 4. Fragment of the solubility diagram for the system
K+, Mg2+ || Cl–, Br––H2O at 25°ë.
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adjoining phases); (2) the transitional phase overlaps
the crystallization fields of solid solutions on the basis
of chloride carnallite; (3) the transitional phase over-
laps the crystallization fields of solid solutions on the
basis of bromide carnallite; and (4) the transitional
phase overlaps both the adjoining fields of crystalliza-
tion of solid solutions. In such cases, another topology
would have been observed in the carnallite part of the
phase diagram: the topology of an open book in cases
(1)–(3) and band-type topology in case (4).

Thus, in order to calculate the crystallization field of
solid solutions on the basis of the transitional carnallite
modification, three independent parameters must be
simultaneously varied: two thermodynamic potentials,
lnKsp(KCl · MgCl2 · 6H2O) and lnKsp(KBr · MgBr2 ·
6H2O) in the transitional modification, and the nonide-
ality parameter  for this phase. As can be seen from
Fig. 4, the available experimental data are insufficient
for such variations: there are five points with relatively
high K+ contents and three points with very low K+,
which are practically not suitable for variation. There-
fore, we did not calculate the crystallization field of the
transitional carnallite modification, and its boundaries
are arbitrarily drawn in the diagram by dotted lines.

SYSTEMS Na+, K+, Mg2+ || Cl––H2O 
AND Na+, K+, Mg2+ || Br––H2O

In addition to the three four-component subsystems
considered above, the proposed model five-component
reciprocal system Na+, K+, Mg2+ || Cl–, Br––H2O includes
two four-component systems with a common anion.
The solubility diagram of one of them, Na+, K+, Mg2+ ||
Cl––H2O, has been repeatedly studied experimentally
and calculated using Pitzer equations (e.g., [4, 18, 19]).
Halite, sylvite, carnallite, and bischofite crystallize in
this system at 25°ë. For the bromide system, there is
very few experimental data in the literature. They are

α̃

shown in Fig. 5 together with the results of our calcula-
tions (in Jänecke indexes of salt components). The
crystallization field of potassium bromide occupies a
major portion of the diagram. Other four fields (NaBr ·
2H2O, NaBr, MgBr2 · 6H2O, and KBr · MgBr2 · 6H2O)
occur near the side of the concentration triangle; a frag-
ment of the diagram is therefore presented. It contains
several lines of univariant equilibria and three invariant
points, peritonic point P, tributary point O, and eutonic
point E.

CONCLUSIONS

The results of phase equilibrium calculations on the
basis of Pitzer equations are in general in adequate
agreement with experimental solubility measurements.
Thus, the developed algorithm of calculation of brine–
solid solution equilibria, the obtained values of the
parameters of Pitzer equations, and the thermodynamic
potentials of solid phases crystallizing in the system
can be used for the calculation of partition coefficients
of Br– between solid phases and brines, quantitative
modeling of the behavior of bromide ion during the
processes of evaporite sedimentation under natural con-
dition, and the concentration of brines during the com-
mercial production of bromine.

ACKNOWLEDGMENTS

This study was financially supported by the Russian
Foundation for Basic Research, project no. 03-05-65164.

REFERENCES

1. P. Sonnenfield, Brines and Evaporites (Academic Press,
Orlando, 1984; Mir, Moscow, 1988).

2. M. V. Charykova and N. A. Charykov, “Thermodynamic
Model of Natural Brines Accounting for the Presence of
Trace Components. I. System Na+, K+, Mg2+, Ca2+, Sr2+,

Ba2+ || Cl–, —H2O,” Geokhimiya, No. 2, 212–221
(2004) [Geochem. Int. 42, 169–177 (2004)].

3. M. V. Charykova, “Thermodynamics of Phase Equilibria
in Water–Salt Systems Modeling Natural Brines,”
Geokhimiya, No. 3, 312–320 (1999) [Geochem. Int. 37,
268–275 (1999)].

4. M. V. Charykova and N. A. Charykov, Thermodynamic
Modeling of Evaporite Sedimentation (Nauka, St.
Petersburg, 2003) [in Russian].

5. K. S. Pitzer, “Thermodynamics of Electrolytes. I. Theo-
retical Basis and General Equations,” J. Phys. Chem. 77,
268–277 (1973).

6. K. S. Pitzer and G. Mayorga, “Thermodynamics of Elec-
trolytes. II. Activity and Osmotic Coefficients for Strong
Electrolytes with One or Both Ions Univalent,” J. Phys.
Chem. 77, 2300–2308 (1973).

7. N. A. Charykov, D. N. Shvedov, L. V. Puchkov, et al.,
“Phase relations in the Systems Na+//Cl, –Br–, -H2O and
ä+//Cl, –Br–, -H2O at 25°ë,” Zh. Prikl. Khim. 64,
2582−2587 (1991).

SO4
2–

YKBr, %

20 40 60 80 100
YNaBr, %

5

10

15

20

25

2NaBr

NaBr2H2O

KBr

2KBr

MgBr2

MgBr26H2O
NaBr

KBrMgBr26H2O

Fig. 5. Fragment of the solubility diagram for the system
Na+, K+, Mg2+ || Br––H2O at 25°ë. 



GEOCHEMISTRY INTERNATIONAL      Vol. 45      No. 10      2007

THERMODYNAMIC MODEL OF NATURAL BRINES ACCOUNTING 1049

8. A. V. Rumyantsev, N. A. Charykov, M. V. Zamoryan-
skaya, et al., “Phase Diagrams for the Partial Systems of
the Quaternary Reciprocal System K+,  || Cl–,
Br−H2O at 25°C,” Zh. Neorg. Khim. 48, 1887–1897
(2003) [Russ. J. Inorg. Chem. 48, 1735–1744 (2003)].

9. N. A. Charykov, Doctoral Dissertation in Chemistry
(St. Petersb. Tekhn. Inst., St. Petersburg, 1993).

10. V. K. Filippov and L. M. Cheremnykh, “Calculation of
Phase Relations in the System Na, K // Cl, SO4–H2O at
25°C,” Zh. Prikl. Khim. 60, 40–43 (1987).

11. V. K. Filippov, N. A. Charykov, L. M. Cheremnykh, and
A. V. Rumyantsev, “Thermodynamic Calculation of
Phase Equilibria in the System Na, Mg //Cl, SO4–H2O at
25°C,” Vestn. Leningr. Univ. Ser. 4, 3, 57–66 (1986).

12. V. K. Filippov, L. M. Cheremnykh, and N. E. Shestakov,
“Phase Equilibria in the System K, Mg// Cl, SO4, H2O at
25°C,” Zh. Prikl. Khim. 60, 1881–1887 (1987).

13. A. N. Kirgintsev, L. N. Trushnikova, and V. G. Lav-
rent’eva, Solubility of Inorganic Substances in Water
(Khimiya, Leningrad, 1972) [in Russian].

14. A Handbook on the Solubility of Salt Systems, Ed. by A.
D. Pel’sh (Khimiya, Leningnrad, 1975), Vol. 1, 2 [in
Russian].

15. Gmelins Handbuch der anorganischen Chemie. System-
nummer 27. Magnesium (Berlin, 1939), pp. 451–452.

16. V. I. Nikolaev, “On the Equilibrium of Bromine- and
Potassium-Bearing Aqueous Systems and Applications
to the Problems of Commercial Use of Solikamsk
Sylvynite as a Source of Bromine,” Izv. IFKhA AN
SSSR 7, 135–171 (1935).

17. A. V. Storonkin, Thermodynamics of Heterogeneous
Systems (Leningr. Gos. Univ., Leningrad, 1967), Parts 1,
2 [in Russian].

18. C. E. Harvie and J. H. Weare, “The Prediction of Mineral
Solubilities in Natural Waters: The Na–K–Mg–Ca–Cl–
SO4–H2O System from Zero to High Concentrations at
25°C,” Geochim. Cosmochim. Acta 44, 981–997 (1980).

19. L. M. Cheremnykh, Extended Abstract of Candidate’s
Dissertation in Chemistry (Leningr. Gos. Univ., Lenin-
grad, 1987).

NH4
+



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


