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Abstract—The phase equilibria in the system NaBr–KBr–CaBr2–H2O at 323 K were studied using the iso-
thermal dissolution equilibrium method. Using the experimental solubilities of salts data, phase diagram was
constructed. The phase diagram have two invariant points, five univariant curves, and four crystallization
fields. The equilibrium solid phases in the system are NaBr, NaBr · 2H2O, KBr, and CaBr2 · 4H2O. The sol-
ubilities of salts in the system at 323 K were calculated by Pitzer’s equation. There is shown that the calculated
solubilities agree well with experimental data.
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INTRODUCTION

The brine discovered in the west of Sichuan Basin
contains high concentration of potassium and borate.
Its salinity is average up to 377 g L–1, and this brine is
weakly acidic with pH value of 6.18. In addition to K+,
B3+, the brine still has some useful components such as
Br–, I–, Li+, Sr2+, etc., and all of them can reach or
exceed the industrial index. Potassium concentration
is up to 53.3 g L–1, which is far higher than Qarhan Salt
Lake brine (12.1 g L–1) and Zabuye Salt Lake brine
(27.0 g L–1). Boron content appears abnormaly high,
up to 4994 mg L–1. In particular, the bromine content
is also as high as 2533 mg L–1. It has become the rare
liquid mineral resources in the world. It will have great
social and economic value by development and utili-
zation the underground brine resources [1, 2] Our
research work focuses on the phase equilibria of the
Western Sichuan Basin brine-salt system from normal
to high temperatures. The underground gasfield brines
in Western Sichuan Basin can be simplified as six-
component brine system Na–K–Cl–Br–SO4–
B4O7–H2O. Generally speaking, multi-temperature
phase diagrams are very important for the exploitation
of liquid mineral resources. Systematic research of the
salt systems such as KBr–K2B4O7–H2O at 298, 323,
348, and 373 K [3–6], quaternary system KCl–
K2SO4–K2B4O7–H2O and NaBr–KBr–CaBr2–H2O
at 298 K [7–9], and quinary system Na+, K+//Cl–,

Br–, –H2O at 373 K [10] have been carried by our
group.

It is generally known that the phase equilibria and
phase diagrams are the theoretic foundation for the
exploitation of underground brine resources.
K.S. Pitzer published a series of papers about electro-
lyte solutions, and came up with a set of semi-empiri-
cal theory of statistical mechanics. It can be success-
fully applied to electrolyte solutions at high concentra-
tions. A number of theoretical studies on salt minerals
and brine system have been carried out in recent
decades. Aiming at the seawater system, Harvie et al.
carried out a series of research and extended the Pitzer
ion-interaction model to Harvie−Weare (H–W)
model in the prediction for the Na–K–Mg–Ca–H–
Cl–SO4–OH–HCO3–CO3–CO2–H2O system at
25°C [11–13]. In order to increase the applicability to
a number of diverse geochemical systems at higher or
lower temperatures, additional work has centered on
developing variable temperature models. Then, the
H–Na–K–Ca–OH–Cl–HSO4–SO4–H2O system
from zero to high concentration and temperature and
natural waters Na–K–Ca–Mg–Cl–H2O system at
temperatures below 25°C have been developed [14–
18]. For the bromide-bearing brine system, Christov
and co-workers develop a well validated and fully con-
sistent model for Li–Na–K–NH4–Rb–Cs–Mg–
Ca–Cl–Br–H2O system at standard temperature
[19–28]. In recent years, Christov have made a series
of research work for bromide-rich brine system Na–
K–Mg–Ca–Br–SO4–H2O [29–34].1 The article is published in the original.
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The quaternary system NaBr–KBr–CaBr2–H2O
is one subsystem of the brine-salt system in Western
Sichuan Basin. This paper continues our studies con-
cerning this quaternary system at 323 K, and the
research work includes four parts: (1) measure the sol-
ubilities in the equilibrium solution for the quaternary
system NaBr–KBr–CaBr2–H2O at 323 K by isother-
mal method; (2) identify the equilibrium solid phases
and give the experimental phase diagram of the sys-
tem; (3) calculate solubilities in quaternary system
NaBr–KBr–CaBr2–H2O at 323 K with reasonable
parameters, and compare calculated solubilities with
experimental data.

EXPERIMENTAL
Reagents and Instruments

A standard analytical balance of 110 g capacity and
0.0001 g resolution (AL104), manufactured by the
Mettler Toledo Instruments, was used. An HZS-H
type thermostatic water bath shaker provided ±0.1 K
accuracy when using precision thermometer calibra-
tion.

The chemicals used were of analytically pure grade.
That is sodium bromide (NaBr, 99.0 wt %), potassium
bromide (KBr, ≥99.0 wt %) (Chengdu Kelong Chem-
ical Reagent Manufactory, China.), and calcium bro-
mide dihydrate (CaBr2 · 2H2O, ≥98.0 wt %) (Tianjin
Guangfu Fine Chemical Research Institute, China.).
The water used was distilled. Conductivity of the water
is less than 1.2 × 10–4 S m–1, with pH value 6.60 at
room temperature.

Experimental Method
The phase equilibria in the quaternary system at

323 K were investigated using the isothermal dissolu-
tion equilibrium method. The system points of the
quaternary system were prepared by adding the third

salt component gradually on the basis of the ternary
invariant points at 323 K. The prepared mixtures were
placed in sealed glass bottles and dissolved into 50 mL
of deionized water. In this way, all brine samples can
be synthesized artificially. The bottles were then
placed on a thermostatted water bath shaker
(HZS-H). The sample temperature was maintained at
323 ± 0.1 K. The solutions were taken out periodically
for chemical analysis. The criterion for judging the
equilibrium state of the system was the unchanging
concentration of the solution. After equilibrium set-
tles, the solution and wet crystals were taken out for
physicochemical analysis. The liquid phases were ana-
lyzed quantitatively by chemical methods, while the
wet crystals were analyzed by X-ray diffraction to
ascertain their crystalline form.

Analytical Methods

The Br– ion concentration was analyzed by silver
nitrate volumetric titration (uncertainty of 0.3%). The
K+ ion concentration was determined by a sodium tet-
raphenylborate (STPB)—hexadecyltrimethylammo-
nium bromide (CTAB) titration (uncertainty of 0.5%).
The Ca2+ ion concentration was determined by titra-
tion with EDTA standard solution in the presence of
alkali and Ca-indicator (uncertainty of 0.3%). The
Na+ ion concentration was evaluated on an ion bal-
ance.

The experimental results of system NaBr–KBr–
CaBr2–H2O at 323 K are presented in Table 1, and the
ion concentration values in the equilibrium solution are
expressed as mass fraction. The solubility diagram of
the quaternary system is expressed with Jänecke dry-
salt indices, which can be defined as follows:

(1)( ) ( )=
s

B
100 ,

w
J B

w

Fig. 1. Dry-salt solubility diagram and its enlarged bottom of quaternary system NaBr–KBr–CaBr2–H2O at 323 K.
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Table 1. Solubilities of solution in the quaternary system NaBr–KBr–CaBr2–H2O at 323 K

w(B) is the mass fraction of component B.
Uncertainties: T, ±0.1 K; w(NaBr), ±0.5%; w(KBr), ±0.5%; w(CaBr2), ±0.3%.
Abbreviations: NB = NaBr, NB2 = NaBr · 2H2O, KB = KBr, CB4 = CaBr2 · 4H2O.

No.

Composition of liquid phase
100w(B)

J�necke index J, g/100 g
J(NaBr) + J(KBr) + J(CaBr2) = 100 g Equilibrium

solids
w(NaBr) w(KBr) w(CaBr2) J(NaBr) J(KBr) J(CaBr2) J(H2O)

1, A 48.12 8.61 0 84.82 15.18 0 76.29 NB2 + KB

2 46.92 8.11 2.29 81.86 14.15 3.99 74.45 NB2 + KB

3 44.95 7.40 6.01 77.02 12.69 10.30 71.33 NB + KB

4 43.19 7.02 9.12 72.80 11.84 15.36 68.54 NB + KB

5 39.73 6.12 15.53 64.72 9.98 25.30 62.93 NB + KB

6 32.87 4.98 26.05 51.43 7.80 40.77 56.49 NB + KB

7 25.63 3.91 36.54 38.78 5.91 55.31 51.35 NB + KB

8 17.00 2.91 47.80 25.11 4.30 70.60 47.69 NB + KB

9 7.79 1.90 59.86 11.20 2.73 86.07 43.77 NB + KB

10 3.45 1.22 65.40 4.92 1.74 93.34 42.72 NB + KB

11 0.79 0.63 69.97 1.11 0.89 98.01 40.08 NB + KB

12, C 0.81 0 69.97 1.15 0 98.85 41.29 NB + CB4

13 0.82 0.20 69.82 1.15 0.29 98.56 41.16 NB + CB4

14 0.81 0.40 69.55 1.14 0.57 98.29 41.32 NB + CB4

15 0.79 0.51 69.55 1.12 0.73 98.15 41.13 NB + CB4

16 0.79 0.76 69.87 1.11 1.07 97.83 40.02 NB + CB4

17 0.77 0.73 69.59 1.08 1.03 97.89 40.66 NB + CB4

18, B 0 0.65 70.49 0 0.92 99.08 40.55 CB4 + KB

19 0.30 0.65 70.30 0.41 0.91 98.67 40.36 CB4 + KB

20 0.44 0.64 70.30 0.62 0.89 98.49 40.10 CB4 + KB

21 0.59 0.66 71.03 0.82 0.91 98.27 38.36 CB4 + KB

22 0.62 0.65 70.71 0.87 0.91 98.23 38.91 CB4 + KB

23, E 0.72 0.67 70.22 1.01 0.93 98.06 39.65 NB + KB + CB4

24, D 47.08 0 5.99 88.71 0 11.29 88.44 NB + NB2

25 46.98 1.49 5.73 86.68 2.75 10.57 84.50 NB + NB2

26 46.80 2.38 5.14 86.15 4.38 9.47 84.10 NB + NB2

27 45.69 4.12 4.59 83.99 7.57 8.44 83.81 NB + NB2

28 45.85 5.31 4.23 82.77 9.59 7.64 80.50 NB + NB2

29 45.52 6.30 3.74 81.93 11.34 6.73 79.99 NB + NB2

30 45.77 7.03 3.22 81.71 12.55 5.74 78.52 NB + NB2

31, F 45.93 8.15 2.48 81.21 14.40 4.39 76.79 NB + NB2 + KB

(2)

ws = w(NaBr) + w(KBr) + w(CaBr2), (3)

( ) ( )= 2
2

s

H O
H O 100 ,

w
J

w

where subscript “s” means “all dry salts,” and compo-
nent B can be NaBr, KBr, CaBr2, or H2O.

Using the experimental results in Table 1, the phase
diagram of the quaternary system at 323 K is shown in
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Fig. 1 with solid lines. The phase diagram in Fig. 1 has
four crystallization fields of single salts, five univariant
curves, and two invariant points. Neither solid solu-
tions nor double salts were found in quaternary system
NaBr–KBr–CaBr2–H2O at 323 K. The saturated
salts in the four crystallization fields are NaBr, NaBr ·
2H2O, KBr, and CaBr2 · 4H2O. The crystallization
fields of single salt KBr is largest, whereas the crystal-
lization fields of CaBr2 · 4H2O is smallest. These
results indicate that the solubility of KBr in this qua-
ternary system is very low, so it is easy to crystallize.
The five-univariant solubility isotherm curves corre-
spond to BE, CE, EF, DF, and AF. The invariant points
of this quaternary system is labeled as E and F.

Invariant point E, saturated with salts CaBr2 ·
4H2O + NaBr + KBr, with w(NaBr) = 0.0072,
w(KBr) = 0.0067, and w(CaBr2) = 0.7022.

Invariant point F, saturated with salts NaBr · 2H2O +
NaBr + KBr, with w(NaBr) = 0.4593, w(KBr) =
0.0815, and w(CaBr2) = 0.0248.

The water diagram of the system NaBr–KBr–
CaBr2–H2O at 323 K is shown in Fig. 2. The figure
shows that Jänecke index of water of the quaternary
system is changed regularly by the content change of
sodium bromide and it reaches the maximum value at
the point D.

PREDICTION OF SOLUBILITY

All the needed parameters for the system NaBr–
KBr–CaBr2–H2O at 323 K can be obtained from lit-
eratures. The temperature dependent equation for the
parameters is determined by adjusting selected con-
stants in the following equation:

(4)

where T is the Kelvin temperature. Debye–Hückel
parameter Aφ and ln Kw(μ°/RT) H2O(aq) at 323 K are
available using this T-function given in T-variation
model by Greenberg and Moller [15].

Christov [29, 30, 34] developed a bromide-rich T-
variation model and it can provide the other needed
Pitzer parameters for the system NaBr–KBr–CaBr2–
H2O over temperatures ranging from 273.15 to
373.15 K. It was found that the constants a3T 2, a4T 3,
a7/(T – 263), a8/(680 – T), and a9/(T – 227) in the
model presented here are not necessary. Therefore,
these are not included in the temperature dependence

= + + + +
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Fig. 2.Water contents of saturated solutions in quaternary
system NaBr–KBr–CaBr2–H2O at 323 K.
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Fig. 3. The experimental and calculated phase diagram of
the quaternary system NaBr–KBr–CaBr2–H2O at 323 K;
—●—, experimental phase diagram; ···○···, calculated
phase diagram.
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Table 2. Pitzer single-salt parameters and Pitzer mixing ion-
interaction parameters in the solution of the quaternary sys-
tem NaBr–KBr–CaBr2–H2O at 323 K

Salt β(0) β(1) Cφ Reference

NaBr 0.130467 0.0842707 –0.004093 [29]

KBr 0.0648979 0.2651721 –0.002343 [29]

CaBr2 0.3623529 2.1884234 0.0015618 [30]
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Table 3. Values of Debye–Hückel constant (Aφ) and Pitzer mixing ion-interaction parameters in the solution of the qua-
ternary system NaBr–KBr–CaBr2–H2O at 323 K

Parameter θNa,K θNa,Ca θK,Ca ΨNa,K,Br ΨNa,Ca,Br ΨK,Ca,Br Aφ

Value –0.006842 0.05 0.1156 –0.002042 –0.01899 –0.028 0.4103298
Reference  [15]  [30]  [34]  [29]  [30]  [34]  [15]

Table 4. Stable solubility constants of salts of the quaternary system NaBr–KBr–CaBr2–H2O at 323 K

Salt lnKa Reference

NaBr 6.5470979 [29]
KBr 3.0893892 [29]
CaBr2 · 4H2O 19.36726 [30]
NaBr · 2H2O 5.133012 [29]

Table 5. Calculated values of solution solubilities in the quaternary system NaBr–KBr–CaBr2–H2O at 323 K

Abbreviations: NB = NaBr, NB2 = NaBr · 2H2O, KB = KBr, CB4 = CaBr2 · 4H2O.

No.

Composition of liquid phase
M, mol kg–1

J�necke index J, g/100 g
J(NaBr) + J(KBr) + J(CaBr2) = 100 g Equilibrium

solids
M(Na+) M(K+) M(Ca2+) M(Br−) J(NaBr) J(KBr) J(CaBr2) J(H2O)

1, B' 0 0.06 11.98 24.02 0 0.30 99.70 41.65 CB4 + KB
2 0.01 0.12 12.18 24.49 0.04 0.59 99.36 40.83 CB4 + KB
3 0.03 0.12 12.21 24.57 0.13 0.60 99.27 40.69 CB4 + KB
4 0.04 0.13 12.22 24.61 0.17 0.61 99.22 40.62 CB4 + KB
5 0.05 0.13 12.24 24.66 0.21 0.61 99.18 40.55 CB4 + KB
6 0.18 0.13 12.41 25.12 0.72 0.60 98.68 39.79 NB + CB4
7 0.17 0.08 12.32 24.89 0.71 0.40 98.88 40.18 NB + CB4
8 0.17 0.04 12.23 24.67 0.71 0.20 99.08 40.55 NB + CB4
9 0.17 0.02 12.19 24.57 0.71 0.10 99.19 40.73 NB + CB4

10, C' 0.17 0 11.99 24.15 0.74 0 99.26 41.44 NB + CB4
11, E' 0.18 0.15 12.46 25.25 0.72 0.69 98.59 39.59 NB + KB + CB4
12 0.23 0.10 10.84 22.00 1.07 0.55 98.38 45.43 NB + KB
13 0.40 0.10 9.21 18.92 2.16 0.65 97.19 52.81 NB + KB
14 0.87 0.15 7.58 16.19 5.52 1.09 93.39 61.62 NB + KB
15 1.35 0.20 6.77 15.09 9.18 1.56 89.27 65.97 NB + KB
16 2.08 0.28 5.96 14.28 14.88 2.31 82.81 69.55 NB + KB
17 3.07 0.40 5.15 13.76 22.70 3.41 73.89 71.87 NB + KB
18 4.27 0.56 4.33 13.49 32.02 4.85 63.12 72.92 NB + KB
19 5.58 0.76 3.52 13.37 41.99 6.57 51.44 73.15 NB + KB
20 6.91 0.97 2.71 13.30 52.00 8.46 39.54 73.12 NB + KB
21 8.20 1.19 1.89 13.18 61.88 10.39 27.73 73.31 NB + KB
22 8.92 1.31 1.42 13.07 67.60 11.50 20.90 73.66 NB + KB
23 9.61 1.42 0.95 12.93 73.38 12.58 14.04 74.23 NB + KB
24 10.27 1.53 0.47 1.53 79.26 13.64 7.10 75.05 NB + KB
25 10.94 1.60 0.09 12.71 84.46 14.25 1.29 75.01 NB2 + KB
26 10.99 1.60 0.04 12.67 85.06 14.29 0.65 75.22 NB2 + KB
27, A' 11.04 1.60 0 12.64 85.67 14.33 0 75.42 NB2 + KB
28, F' 10.89 1.60 0.13 12.75 83.84 14.22 1.93 74.83 NB + NB2 + KB
29 10.91 1.37 0.20 12.70 84.62 12.30 3.08 75.35 NB + NB2
30 10.83 1.14 0.28 12.54 85.31 10.41 4.27 76.54 NB + NB2
31 10.75 0.91 0.35 12.37 86.03 8.47 5.51 77.77 NB + NB2
32 10.67 0.69 0.43 12.21 86.76 6.45 6.79 79.04 NB + NB2
33 10.58 0.46 0.50 12.05 87.52 4.37 8.11 80.37 NB + NB2
34 10.89 0.23 0.58 11.68 88.68 2.15 9.17 79.15 NB + NB2
35, D' 10.41 0 0.65 11.72 89.12 0 10.88 83.17 NB + NB2
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for bromide solution parameters and chemical poten-
tial of bromide solids. The temperature dependence
equation is as follow:

P(T) = a1 + a2T + a5/T + a6ln T. (5)

The Pitzer single-salt parameters β(0), β(1), Cφ for
NaBr, KBr, CaBr2, Pitzer mixing ion-interaction
parameters θNa,K, θNa,Ca, θK,Ca, ψNa,K,Br, ψNa,Ca,Br,
ψK,Ca,Br, and stable solubility constants ln K of salts
NaBr · 2H2O, NaBr, KBr, CaBr2 · 4H2O at 323 K all
can be obtained and were fitted in Tables 2–5, respec-
tively.

Using the parameters reported in the literatures,
the values of the predicted solubilities for the quater-
nary system NaBr–KBr–CaBr2–H2O at 323 K were
calculated by the Pitzer and its extended H-W model.
According to the results, a comparison between the
experimental and calculated phase diagram of the sys-
tem at 323 K is plotted in Fig. 3. In the phase diagram,
solid lines show experimental isotherm curves and
dashed lines show calculated ones. Comparison
between the calculated solubilities and the experimen-
tal results at boundary points A, B, C, D and invariant
points E and F of the quaternary system NaBr–KBr–
CaBr2–H2O at 323 K are shown in Table 6, the results
show that the experimental phase diagram and the cal-
culated one are in good agreement. It means that the
parameters fitted in this work are reliable.

CONCLUSIONS
The phase equilibria in the quaternary system

NaBr–KBr–CaBr2–H2O were investigated at 323 K.
The results show that this system was the hydrate
II type. The phase diagram of the quaternary system

consists of two invariant points, five univariant curves
and four crystallization regions corresponding to
NaBr, NaBr · 2H2O, KBr, and CaBr2 · 4H2O. The sol-
ubilities of the quaternary system NaBr–KBr–
CaBr2–H2O at 323 K were calculated with corre-
sponding parameters. The comparison between the
calculation data and the experiment data were made.
The calculated values agree well with the experimental
data. It also shows that reasonable parameters of the
Pitzer model can be used in aqueous salt system
NaBr–KBr–CaBr2–H2O at 323 K.
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