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Solid-liquid equilibria in the quaternary system NaBr-KBr-Na,S04-K>S04~H,0 at 298 K were measured
by isothermal solution saturation method. The equilibrium solid phase and solubilities of salts in the
system were determined. The experimental data are used to plot the solubility diagram and water
content diagram of the quaternary system. It was found that quaternary system NaBr-KBr-Na,SO4—
K>S04-H,0 at 298 K contains the double salt Na,SO, - 3K,S04 (Gla), and its solubility diagram has four
invariant points, nine univariant curves, and six crystallization fields. The solids are NaBr - 2H,0, Na,SO,,
Na,SO4- 10H,0, K5S04, KBr and NapSO4-3K,SO4 (Gla). The values of binary and mixing interaction
parameters, the Debye-Hiickel parameter A” and the standard chemical potentials of the salts in the
quaternary system at 298 K were obtained from the literature and adapted to standard temperature.
Based on the Pitzer approach, the solubilities in the system NaBr-KBr-Na;S04-K,S04~H,0 at 298 K have
been calculated using the parameters. The calculated and measured phase diagram of the quaternary
system was plotted. The results show that the calculated solubilities agree well with the experimental

data.

© 2016 Published by Elsevier Ltd.

1. Introduction

There are abundant liquid mineral resources in China, espe-
cially, in Western Sichuan Basin. These have very good exploitation
prospect due to the gradual exhaustion of solid resources. The
brines contain high concentration of potassium, borate and bro-
mine. The highest content of potassium is as high as 53.27 gL;
the borate content is up to 4994.36 mg L™! and in particular, the
bromine content is also up to 2533 mg L™'. It has become the rare
liquid potassium boron bromine mineral resources in the world
[1]. Generally speaking, phase equilibria and phase diagrams are
the theoretical basis of the exploitation and utilization of under-
ground brine resources. According to the compositions, the un-
derground gasfield brines in Sichuan Basin can be considered as
Na-K-Cl-Br-S04-B40,-H,0 system. The phase equilibria of some
subsystems of the underground brine in Western Sichuan basin
have been carried out by our group: such as NayB40,-Na,SO4—
NaBr-H,0 at 298 K, 323 K and 348 K [2-4], Na-K-Cl-SO4-B40,~
H,0 at 298 K and 323 K [5,6].

The solubilities data in salt-water system depends principally
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on experimental measurement. It is often tedious and the accuracy
is strongly influenced by experimental condition. Therefore, many
scientists have been trying to search calculated method with high
accuracy to supplement and revise experimental measurements at
298 K or selected temperatures. In a series of papers Harvie et al.
developed a model, based on Pitzer equations [7,8] to predict so-
lubilities in seawater system Na-K-Mg-Ca-H-CI-SO4~OH-HCOs~
C0O3—C0,-H,0 at 25 °C [9-11]. Then, Kim and Friedrick have pro-
vided many single-salt parameters and mixing ion-interaction
parameters at 25 °C, it can be applied to make the Pitzer equation
to 20 mol kg~ ! ionic strength [12,13]. Furthermore, Christov and
Moller developed a thermodynamic model for solution behavior
and solid-liquid equilibria in the H-Na-K-Ca—OH-CI-HSO4-SO4—
H,O0 system from zero to high concentration and temperature | 14—
16]. For bromide systems, Christov and co-workers [17-26] de-
velop a well validated and fully consistent model for Li-Na-K-
NH4-Rb-Cs-Mg—Ca—Cl-Br-H,0 system at standard temperature,
and for some ternary subsystems at 0°C, 50°C and 75 °C
[17,21,23,25]. As a next step, Christov determine osmotic coeffi-
cients on the basis of isopiestic measurements for binary bromide
sub-systems and solubilities in ternary sub-systems within Na-K—
Mg-Ca-Br-S04-H,0 system [27-32].

The quaternary system NaBr-KBr-Na,SO4,-K,SO4-H,0 is one
subsystem of the underground gasfield brines in Sichuan Basin.
Measurements and calculations of solid-liquid equilibria in this
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quaternary system at 323 K have been published in our previous
work [33,34], but there is no research report about the phase
equilibria in the system at 298 K, which is the objective of this
work. In this paper, the research work includes three parts:
(1) Measure the solubilities in the equilibrium solution for the
quaternary system NaBr-KBr—-Na,SO4,-K,SO4-H,0 at 298 K by
isothermal solution saturation method. (2) Calculate solubilities in
the quaternary system at 298 K. And (3) Compare calculated so-
lubilities with experimental data of this system.

2. Experimental
2.1. Reagents and instruments

The deionized water (electrical conductivity less than 1.2 x 10~
4Sm™!, pH=6.6) used to prepare the experimental solutions was

Table 1

obtained from a Millipore water system. All chemicals used in this
work, including sodium bromide (NaBr, 99.0 wt%), potassium
bromide (KBr, 99.0 wt%), sodium sulfate (Na;SOg4, 99.0 wt%), and
potassium sulfate (K;SO4, 99.0 wt%), were of analytical purity
grade and obtained from Chengdu Kelong Chemical Reagent Fac-
tory, China.

A standard analytical balance of 110 g capacity and 0.0001 g
resolution (AL104), manufactured by the Mettler Toledo Instru-
ments, was used. An HZS-H type thermostated vibrator with a
precision + 0.1 K was used for the equilibrium measurements. Its
temperature control accuracy is + 0.1 K after secondary calibra-
tion using precise thermometer.

2.2. Experimental method

The experiments for the quaternary system have been done by
the method of isothermal solution saturation. According to the

Solubilities of solution in the quaternary system NaBr—KBr-Na,S04-K;SO4-H,0 at 298 K.

No. Composition of liquid phase w(B) x 100 Janecke index Equilibrium solids
J(2Na*)+J(2 K*)=100 mol
w(Na™) wK") w(Br ) W(S0427) J(2Na*) J(50427) J(H0)
F 1 7.26 2.75 0.00 18.55 81.78 100.00 2053.60 NS10+Gla
2 7.25 2.67 241 16.98 82.22 92.14 2045.20 NS10+Gla
3 6.91 2.52 5.18 14.41 82.36 82.23 2158.43 NS10+Gla
4 6.87 2.51 741 12.98 82.34 74.45 2146.51 NS10+Gla
5 6.81 244 10.58 10.86 82.60 63.06 2146.24 NS10+Gla
6 6.27 222 14.23 7.28 82.75 45,98 235713 NS+Gla
7 6.55 2.33 20.61 416 82.69 25.15 2137.39 NS+Gla
E2, 8 8.29 3.54 34.99 0.62 79.92 2.87 1293.65 Gla+NS+KB
D, 9 213 4.59 0.00 10.08 44,09 100.00 4401.26 KS+Gla
10 2.09 4.53 2.66 8.33 43.96 83.89 4419.97 KS+Gla
11 219 4,72 5.15 7.27 44.06 70.15 4150.41 KS+Gla
12 2.06 4,73 8.27 5.14 42.58 50.82 4205.39 KS+Gla
13 2.08 4.83 10.30 4.09 42.30 39.80 4079.53 KS+Gla
14 215 6.05 16.15 2.21 37.63 18.57 3283.18 KS+Gla
E1, 15 2.58 9.51 27.26 0.69 31.60 4.02 1872.38 KS+Gla+KB
B, 16 9.80 2.40 38.96 0.00 87.43 0.00 111145 NB-+KB
17 9.65 2.61 38.70 0.09 86.26 0.40 1116.80 NB-+KB
18 9.64 2.76 38.98 0.11 85.59 0.47 1098.45 NB+KB
19 9.62 2.67 38.67 0.12 85.98 0.51 1116.21 NB-+KB
20 9.78 2.71 39.23 0.18 86.00 0.75 1078.95 NB-+KB
21 9.65 2.70 38.67 0.22 85.88 0.95 1107.57 NB-+KB
E3, 22 9.57 2.81 38.59 0.25 85.26 1.08 1108.71 NS+KB+NB
A, 23 0.00 13.77 27.38 0.46 0.00 2.71 1839.64 KS+KB
24 0.64 12.80 27.53 0.51 7.85 3.00 1828.71 KS+KB
25 1.21 12.10 27.92 0.60 14.52 343 1784.19 KS+KB
26 1.55 11.64 28.10 0.65 18.47 3.70 1764.66 KS+KB
27 2.34 10.57 28.57 0.70 27.32 3.90 172433 KS+KB
28 3.82 8.70 29.83 0.73 42.76 3.91 1625.70 Gla+KB
29 4.96 7.29 30.92 0.74 53.65 3.81 1547.46 Gla+KB
30 7.06 5.05 33.65 0.74 70.39 3.53 1360.14 Gla+KB
31 8.12 4.27 35.75 0.73 76.36 3.27 1226.98 Gla+KB
C 32 11.03 0.00 37.70 0.38 100.00 1.66 1176.95 NS+NB
33 10.88 0.30 37.82 0.35 98.41 153 1169.25 NS+NB
34 10.72 0.62 37.93 0.34 96.72 1.49 1160.46 NS+NB
35 10.45 0.98 37.74 0.34 94.79 1.47 1169.43 NS+NB
36 10.28 143 38.12 0.32 92.44 137 1143.94 NS+NB
37 9.80 2.56 38.82 0.29 86.68 1.25 1094.61 NS+NB
38 9.66 2.81 38.87 0.26 85.41 1.08 1092.65 NS+NB
G, 39 8.78 0.00 16.90 8.19 100.00 44.63 1920.55 S10+NS
40 8.82 0.41 17.16 8.60 97.35 45.46 1831.67 S10+NS
41 8.34 0.84 16.51 8.54 94.39 46.27 1898.18 S10+NS
42 8.15 113 16.26 8.64 92.45 46.91 1905.12 S10+NS
43 8.03 1.67 16.53 8.88 89.10 47.21 1838.27 S10+NS
44 7.49 213 15.89 8.70 85.66 47.67 1921.08 S10+NS
E4, 45 7.55 2.54 16.25 9.13 83.47 48.32 1819.32 S10+NS+Gla

Note: NB=NaBr - 2H,0, NS=NaS0,4, KB=KBr, KS=K,S0,4, Gla=Na,S0, - 3K,S04, S10=NaS0, - 10H,0.
Standard uncertainties u are u(T)=0.1 K, u(Na*)=0.005, u(K*)=0.003, u(Br~)=0.003, u(S04>~)=0.003.
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equilibrium composition of invariant points for its ternary sub-
systems, salts were prepared proportionally. The appropriate cal-
culated quantity of salts was dissolved in distilled water. The
mixtures were put into sealed glass bottles for the solubility
experiments.

Then, sealed glass bottles were placed in the thermostated vi-
brator (HZS-H), and the temperature was maintained at
(298 + 0.1) K. The solutions were taken out periodically to analyze
the concentration of the solution. When the concentration was
unchanged, the sign of equilibrium reached. This process took
about 15 days. The clarification of the solutions needs about five
days. After equilibrium, the liquid phases were taken out and di-
luted to volumetric flask for the quantitative analysis of the
composition.

2.3. Analytical methods

Potassium ion (K*) concentration was determined using so-
dium tetraphenyl borate-hexadecyl trimethyl ammonium bromide
titration (with a precision of 0.5 wt%). Bromide ion (Br—) con-
centrations were determined by Mohr's method using a silver
nitrate standard solution (with a precision of 0.3 wt%). Sulfate ion
(S04%7) concentration was measured by a method of alizarin red S
volumetry (precision: 0.5 wt%). Sodium ion (Na™) concentration
was evaluated according to the ion charge balance.

3. Results and discussion

The experimental results of solubilities and equilibrium solids
of the equilibrated solution in the quaternary system NaBr-KBr—
Na,S0,4-K,S04-H,0 at 298 K are shown in Table 1. The solubilities
of salts in the equilibrium solution are expressed as weight per-
centages w(B). The solubility diagram of the quaternary system is
expressed with Janecke dry-salt indices, where J(2Na*), J(2 K"), J
(2Br ™), J(SO4%) and J(H,0) are the Jinecke indices of their corre-
sponding salts and water, respectively, with J(2Na*) + J(2 K")=]
(2Br~)+J(S04%~)=100 mol. On the basis of Jinecke index values,
the phase diagram was constructed, and was shown in Fig. 1 with
solid lines.

The quaternary system NaBr-KBr-Na,S04-K,;S04~H,0 at 298 K
is interactive saturation systems. It consists of four ternary sub-
systems: (1) NapSO4-K,SO4~H,0, (2) NaBr-KBr-H,O (3) NaBr-
Na,S04-H,0 and (4) KBr-K,S04-H,0. The ternary system Na,SO4—
K;S04-H,O0 is a classical Salt-water system. For this ternary system,
a lot of solubility data have been reported at a wide temperature
range and the experimental and calculated data is accurate and
reliable through long-term validation. In this system, the double
salt Na,SO,4-3K,S0, was found. It consist of three univariant
curves, three crystallization fields (NaSO4 K;SO, and
Na,S04-3K5S0,4), and has two invariant points. The Br-bearing
ternary systems NaBr-KBr-H,O, NaBr-Na,SO4-H,O and KBr-
K5S04-H,0 at 298 K are all simple co-saturation type. The systems
NaBr-KBr-H,0 and KBr-K,SO4,-H,0 consist of only one invariant
point, two univariant curves and two crystallization regions. The
NaBr-Na,S04-H,0 system has two invariant points, three uni-
variant curves, and three crystallization fields corresponding to
NaBr - 2H50, NayS04 and Na;SO4 - 10H,0.

The phase diagram of the quaternary system in Fig. 1 consists of
six crystallization fields, nine univariant curves, and four invariant
points (points E1, E2, E3 and E4). The six crystallization fields
correspond to five single salts, NaBr-2H,0, NaySO,,
Na,SO4-10H,0, K,SO, and KBr, and one double salt,
Na,SO4 - 3K,S04 (Gla). The crystallized area of aphthitalite is the
largest whereas that of sodium bromide dihydrate is the smallest
because of its high solubility. No soild solution has been found in
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Fig.1. Equilibrium phase diagram and partial enlarged diagram of the quaternary
system NaBr-KBr-Na,S04-K,SO4-H,0 at 298 K.
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Fig.2. X-ray diffraction photograph of the invariant point E1 of the quaternary
system NaBr—KBr-Na,S04-K;S04-H,0 at 298 K [Na,SOy, - 3K;S04+ KBr+K;S04].

quaternary system NaBr-KBr-Na,SO4-K,SO4~H,0 at 298 K. The
nine univariant curves, namely, curves AE1, BE3, CE3, DE1, FE4,
GE4, E1E2, E2E3 and E2E4, are cosaturated with two salts, re-
spectively. The X-ray diffraction photographs of the invariant
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Fig.3. X-ray diffraction photograph of the invariant point E2 of the quaternary
system NaBr-KBr-Na,S04-K,S04~H,0 at 298 K [Na,SO, - 3K3S04+ KBr+Na,SOy4].
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Fig.4. X-ray diffraction photograph of the invariant point E3 of the quaternary
system NaBr-KBr-Na,;S04-K>S04~H,0 at 298 K [Na,SO4+KBr+ NaBr - 2H,0].
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Na,S0, - 10H,0+NayS0s4].

points E1, E2, E3 and E4 in the quaternary system are given in
Figs. 2-5. The saturated salts and the mass fraction composition for

the four invariant points are listed below.

Invariant point E1, saturated with salts K;SO4+KBr+
Na,SO4 - 3K,S04 (Gla). The mass fraction composition of the cor-
responding liquid phase is w(Na*)=0.0258, w(K*)=0.0951, w
(Br7)=0.2726 and w(S04%")=0.0069.

Invariant point E2, saturated with salts Nap;SO4+KBr+
Na,SO4 - 3K,S04 (Gla). The mass fraction composition of the cor-
responding liquid phase is w(Na*)=0.0829, w(K*)=0.0354, w
(Br-)=0.3499 and w(50,%7)=0.0062.
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Fig.6. Water contents of saturated solutions in quaternary system NaBr-KBr-
Na,S04-K,S04-H,0 at 298 K.

Table 2
Single-salt parameters and mixing ion-interaction parameters in the solution of the
quaternary system NaBr-KBr-Na,S04-K;S04-H,0 at 298 K.

Salt 7o s c Reference source
Na,SO4 0.018693 1.099405 0.006298 [15]
K;S04 0.055536 0.796385 -0.0188 [15]
NaBr 0.1209144 0.0614751 -0.00282 [27]
KBr 0.0518449 0.2767664 -0.000868 [27]

Invariant point E3, saturated with salts NaBr-2H,0-+
KBr+Na;S04. The mass fraction composition of the corresponding
liquid phase is w(Na*)=0.0957, w(K*)=0.0281, w(Br-)=0.3859
and w(S0427)=0.0025.

Invariant point E4, saturated with salts NaySO4-10H,0+
NayS04+NayS0, - 3K,S04 (Gla). The mass fraction composition of
the corresponding liquid phase is w(Na*)=0.0755, w(K*)=
0.0254, w(Br~)=0.1625 and w(50,%7)=0.0913.

Fig. 6 is the relevant water diagram of the quaternary system
NaBr-KBr-Na,S04-K,S04-H,0 at 298 K. Fig. 6 shows that the Ja-
necke index values of water J(H,0) change with the Janecke index
values of Na™ and decrease at the univariant curves DE1, FE4 and
E4E2.

Compared with the two phase diagrams of quaternary system
Na* K*//Br~,S04,2~-H,0 at 298 K and 323 K [33,34], the result
shows that the double salt all forms in the phase diagrams at two
different temperatures. But the numbers of invariant points,
crystallization fields, and univariant curves are different. The
crystallization fields of solid solution Na;SO,4-10H,O has dis-
appeared at 323 K. The phase diagram at 323 K includes three
invariant points, seven univariant curves, and five crystallization
regions corresponding to NaBr, Na,SO4, K,SO4 KBr and
Na,SO4 - 3K,S04(Gla). And the shape of the each crystallization
region is nearly identical. The solubility of NaBr-2H,0 (298 K) or
NaBr (323 K) is highest among the salts in this quaternary system
at two temperatures. In comparison with the quaternary systems
Na*,K*+//Cl~,S042~-H,0 [15] and Na*,K*//Br—,50,2-H,O at
298 K, the two phase diagrams have very similar shapes, each of
them having four invariant points, nine univariant curves, and six
crystallization fields. The crystallization field of the salt NaBr is
apparently smaller than that of NaCl. It is also found that halide
has the salting-out effect on sulfates.
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Values of Debye-Hiickel constant (A?) and mixing ion-interaction parameters in the solution of the quaternary system NaBr-KBr-Na,S04-K,S04-H,0 at 298 K.

Parameter Ona OBr,s04 ¥Na K504 ¥Na,KGBr ¥Na,Brs04 ¥ Brsoa A?
Value -0.003203 0.03 0.007253 -0.002586 -0.012 -0.0115 0.3914752
Ref. [15] 132] [15] 127] (32] (32] [15]
4. Prediction of solubility
Table 4

Stable solubility constants of salts of the quaternary system NaBr-KBr-Na,SOs—
K»S04-H,0 at 298 K.

Parameter In Ka Reference
Na,S0,4- 10H,0 -2.80577 [15]
Na,S04 —0.586385 [15]
K>S04 -4125243 [15]
NaBr - 2H,0 4.643336 [27]
KBr 2.6271912 [27]
Na,S0, - 3K,S0,4 (Gla) -17.059879 [15]

Table 5

Pitzer published a series of papers about electrolyte solution,
and came up with a set of semi-empirical theory of statistical
mechanics [7,8]. Using this theory, a set of expressions for the
osmotic coefficients of the solution and mean activity coefficient of
electrolytes in the solution has been deduced. A number of theo-
retical 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-in-
teraction model to Harvie-Weare (H-W) model, and have been

Calculated value of solution solubilities in the quaternary system NaBr-KBr-Na,S04-K,;SO4-H,0 at 298 K.

No. Composition of liquid phase Janecke index Equilibrium solids
J(2Na*)+J(2 K*)=100 mol
M(Na™) M(K*) M(Br—) M(S0427) J(2Na™) J(S04%7)
A1 0.00 5.99 5.70 0.14 0.00 4.83 KS+KB
2 0.51 5.63 5.82 0.16 8.24 5.24 KS+KB
3 1.01 5.29 5.94 0.18 16.05 5.74 KS+KB
4 1.52 4.96 6.07 0.21 2341 6.36 KS+KB
E1,5 2.02 4.66 6.20 0.24 30.28 712 KS+KB+Gla
6 1.70 3.33 443 0.30 33.78 11.84 KS+Gla
7 1.52 2.75 3.55 0.36 35.60 16.97 KS+Gla
8 134 2.25 2.66 047 37.35 26.04 KS+Gla
9 119 1.87 177 0.64 38.92 41.96 KS+Gla
10 1.09 1.62 0.89 0.91 40.29 67.30 KS+Gla
11 1.07 1.53 0.30 116 41.19 88.66 KS+Gla
D, 12 1.08 1.51 0.00 129 41.67 100.00 KS+Gla
13 2.56 4.28 6.37 023 3743 6.80 KB+Gla
14 3.15 3.90 6.58 0.24 44.67 6.73 KB+Gla
15 3.80 3.52 6.82 0.25 51.90 6.90 KB+Gla
16 4,53 3.14 711 0.28 59.05 7.35 KB+Gla
17 539 2.77 7.49 033 66.08 8.21 KB+Gla
18 6.45 2.39 7.97 043 72.99 9.82 KB+Gla
E2', 19 7.98 2.01 8.69 0.65 79.88 13.07 KB+Gla+NS
B, 20 8.77 1.26 10.03 0.00 87.40 0.00 KB+NB
21 8.78 1.27 10.03 0.01 87.40 0.18 KB+NB
22 8.80 127 10.03 0.02 87.39 0.35 KB+NB
23 8.81 1.27 10.03 0.03 87.38 0.53 KB+NB
E3', 24 8.83 1.27 10.03 0.04 87.38 0.71 KB+NB+NS
25 8.93 0.95 9.81 0.03 90.38 0.69 NB-+NS
26 9.03 0.63 9.60 0.03 93.44 0.66 NB-+NS
27 9.13 0.32 9.39 0.03 96.65 0.63 NB-+NS
C, 28 9.23 0.00 9.18 0.03 100.00 0.60 NB-+NS
29 9.04 132 10.01 0.18 87.28 3.41 KB+NS
30 9.11 1.46 9.76 0.40 86.20 7.63 KB+NS
31 8.45 173 9.14 0.52 82.97 10.20 KB+NS
32 7.18 1.50 6.93 0.87 82.77 20.12 Gla+NS
33 6.85 1.28 5.95 1.09 84.23 26.88 Gla+NS
34 6.69 116 523 131 85.17 33.45 Gla+NS
35 6.62 1.09 4.64 1.53 85.87 39.81 Gla+NS
F, 36 4.44 1.00 0.00 2.72 81.55 100.00 Gla+S10
37 4.71 0.99 0.73 2.49 82.60 87.21 Gla+S10
38 512 0.98 1.46 232 83.93 76.08 Gla+S10
39 5.25 0.97 192 215 84.40 69.16 Gla+S10
E4, 40 5.73 0.96 319 175 85.60 52.38 Gla+S10+NS
41 5.95 0.67 3.22 1.70 89.88 51.39 NS+S10
42 6.41 0.24 3.30 1.67 96.46 50.28 NS+S10
G, 43 6.65 0.00 3.35 1.65 100.00 49.59 NS+S10

Note: NB=NaBr - 2H,0, NS=NaS04, KB=KBr, KS=K,S0,4, Gla=Na,S04 - 3K,S04, S10=NaS0O,4 - 10H,0
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Fig.7. The experimental and calculated phase diagram and partial enlarged dia-
gram of the quaternary system NaBr—-KBr-Na,SO4-K,SO4-H,0 at 298 K. —, ex-
perimental isotherm curve; -, calculated isotherm curve; e, experimental data; o,
calculated data .

successfully used in calculating thermodynamic properties and the
solubilities of electrolytes. The H-W equations are as follows [9-
11]:

1 _A%B Ne MNa
SIm {2[1 +1 ;I% + 2, 2 momy(Bg + ZCcu)+
1 .

ic=11ia=1

2-1

Ne-1  N¢ Na
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ic=1 jo=ic+1 ip=1
Nc
2 Myt
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Na-1  Na

+ Y > mm,|o
iA=1 jy=in+1

Ny Na

Ny Nc
2 2 mymga+ Y Y mchth]
iN=1ip=1 iN=11ic=1

M

Na
Inyy, = Z4F + ), my(2Byp + ZCx)
ia=1
Nc Na
+ 2 mC[Z(I’MC + mA‘l’MCA]
ic=1 ia=1
Na-1  Na Nc Na
+ 2 X mamyyy+ 2y XY mimcCey
in= l_]A—lA+1 ic=1ip=1
+ Z my( 2Any)
iN=1 @)
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Iny, =Z% + Y me(2Bex + ZCcx)
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Na Nc-1 Nc
+ Z mA[Z‘DXA + Z mc‘VXAc] + Z chmc"’ccx
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Nc Np
+2 X 2 memyCen + Z my(2Aym)
ic=1ip=1 iN=1 3)
Nc Na
Iny,= Y me(20ac) + D, my(2hy,)
ic=1 ia=1 (4)

In the above (Egs. (1)-4), M, C and C” are referred to cations; X,
A and A’ are referred to anions; N¢c, N5y and Ny refer to cations,
anions and neutral molecules respectively.

Christov develop temperature variable fully parameterized so-
lid-liquid equilibria model for two bromide quinary systems: Na-
K-Mg-Ca-Br-H,0 [27-31] and Na-K-Ca-Br-SO4,-H,O [32]. The
model for binary subsystems is valid from 0 to 250 °C, and for
mixed systems from O to 100 °C. It can provide the needed single-
salt parameters @, g, ¢? for NaBr and KBr, Pitzer mixing ion-
interaction parameters Wyax pr IBrso4, WaBr.so4 and Wicprsos, and
stable solubility constants InK of salts NaBr-2H,0, KBr for the
quaternary system NaBr—-KBr-Na,S04-K,S04-H,0 at 298 K.

Moreover, the other needed Pitzer single-salt parameters ©),
ﬁ“) C'/’ for Na,SO,4, K,SO4, Pitzer mixing ion-interaction para-
meters Onax Wiaksos Debye-Hiickel parameter A‘f’, InKw(p°/RT)
H,0(aq) and stable solubility constants InK of salts Na;SOg,
Na, S04 - 10H,0, K,S04 at 298 K are available using this T-function
given in T-variation model by Greenberg and Moller [15]. All of the
parameters used in the calculation are presented in Tables 2—4,
respectively.

Based on the solubility approach of Harvie et al. for aqueous
electrolyte solutions, the solubilities for phase equilibria condi-
tions in the quaternary system NaBr-KBr-Na,S04-K,SO04-H,0 at
298 K were calculated with corresponding parameters and are
listed in Table 5. On the Basis of the experimental and calculated
solubilities, the phase diagram of the quaternary system was
plotted and given in Fig. 7. The calculations data and experiments
data were compared, and the results were shown in Table 6. It
showed that the calculated values have a good agreement with the
experimental data. And it also means that reasonable parameters
can be used in aqueous salt system NaBr-KBr-Na,;S04—K,S04-H>0
at 298 K.

5. Conclusions

The phase equilibrium of the quaternary system NaBr-KBr—
Na,S04-K,S04-H,0 was studied at 298 K by isothermal solution
saturation method. It was found that the quaternary system con-
tains the double salt Na,SO4 - 3K,S04 (Gla). The phase diagram of



Table 6

Calculated and partly experimental solubilities in the quaternary system NaBr-KBr-Na,S04-K;S04-H,0 system at 298 K.
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No.

Composition of liquid phase

Janecke index

Equilibrium solids

100 - w(B) J(2Na*)+J(2 K*)=100 mol
w(Na*) w(K+) w(Br—) w(S04%7) J(2Na™) J(S0427)

Experimental A 0.00 13.77 2738 0.46 0.00 2.71 KS+KB
Calculated A’ 0.00 13.75 26.74 0.82 0.00 483
Experimental B 9.80 2.40 38.96 0.00 8743 0.00 KB+NB
Calculated B' 9.82 241 39.06 0.00 87.40 0.00
Experimental C 11.03 0.00 37.70 0.38 100.00 1.66 NB+NS
Calculated C' 10.90 0.00 37.64 0.14 100.00 0.60
Experimental D 213 4.59 0.00 10.08 44.09 100.00 KS+Gla
Calculated D' 2.05 4.89 0.00 10.29 41.67 100.00
Experimental F 7.26 2.75 0.00 18.55 81.78 100.00 Gla+S10
Calculated F' 7.28 2.80 0.00 18.64 81.55 100.00
Experimental G 8.78 0.00 16.90 8.19 100.00 44.63 NS+S10
Calculated G' 8.84 0.00 17.16 8.16 100.00 49.59
Experimental E1 2.58 9.51 27.26 0.69 31.60 4.02 KS+KB+Gla
Calculated E1' 2.66 1042 28.37 131 30.28 712
Experimental E2 8.29 3.54 34.99 0.62 79.92 2.87 KB+Gla+NS
Calculated E2' 5.38 715 30.97 141 79.88 13.07
Experimental E3 9.57 2.81 38.59 0.25 85.26 1.08 KB-+NB+NS
Calculated E3' 9.83 241 39.02 0.05 87.38 0.71
Experimental E4 7.55 2.54 16.25 9.13 83.47 48.32 Gla+NS+S10
Calculated E4' 9.31 2.23 14.14 13.69 85.60 52.38

Note: NB=NaBr - 2H,0, NS=NaS0,, KB=KBr, KS=K5,S04, Gla=Na;S04 - 3K,S04, S10=NaS0O,4 - 10H,0.

the system consists of four invariant points, nine univariant
curves, and six crystallization fields: NaBr-2H,0, Na,SOg,
NaySO4- 10H,0, K5SO4 and KBr, and NayS04 - 3K;S04 (Gla) A
model, based on the Pitzer approach for quaternary system under
study has been developed. The model, with binary and mixing
interaction parameters taken from the literature and adapted to
standard temperature, has been used to calculate the solubilities in
the system NaBr-KBr-Na,S04-K,S04-H,0 at 298 K. The calculated
values are basically in agreement with experiment data.
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