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In this work, a new activity coefficient model was deduced for the correlation of solid-liquid equilibrium (SLE) in
electrolyte solutions. The new excess Gibbs energy equation for SLE contains two parts: the single electrolyte
item and the mixed electrolyte item. Then a new hypothesis for the reference state of activity coefficients was
proposed in the work. Literature data for single electrolyte solution and mixed electrolyte solution systems,
with temperature spanning from 273.15 to 373.15 K, were successfully correlated using the developed model.
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1. Introduction

Electrolyte solutions are encountered in many natural and industrial
processes. The activity coefficient model for electrolyte solutions is
widely used in chemical engineering, geochemistry and other fields,
such as seawater desalination, crystallization, corrosion studies, hydro-
metallurgical studies, and environmental application. So, the study for
electrolyte solutions is an important research topic.

A number of activity coefficient models for concentrated electrolyte
solutions have been developed for calculating the thermodynamic
properties of electrolyte solutions for engineering applications. Some
examples are the ElecNRTL model of Chen et al. [1-3], Pitzer's model
[4], the OLI MSE model of Wang et al. [5,6], the Lu-Maurer model of
Lu et al. [7,8], These models combine local composition activity coeffi-
cient models (the short-range interactions) with the Debye-Hiickel's
law [9] or modified Debye-Hiickel's law (the long-range interactions).
Thomsen et al. [10,11] and Xu et al. [12] studied vapor-liquid equilibri-
um (VLE), and the models can successfully correlate and predict VLE
data in electrolyte solutions. These models mentioned above have
been successfully used to calculate the thermodynamic properties of
electrolyte solutions at high temperature and high concentrations.
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However, describing the thermodynamic properties of electrolyte
solutions using conventional thermodynamic models has been quite
challenging. Modeling solid-liquid equilibrium for some multicompo-
nent electrolyte solutions is still incomplete. For multicomponent elec-
trolyte solutions, the complicated calculation and low accuracy are the
major drawbacks of conventional model. Therefore, it is necessary to ex-
plore a new model to accurately and simply describe the thermodynam-
ic properties of electrolyte solutions.

2. Model Description

A modified NRTL model [12] has been successfully proposed to cor-
relate and predict VLE data for electrolyte solutions in our previous
work. We obtained the final equation and tested this approach for
water activity between 298.15 K and 415.85 K. In this work, a new
model is proposed to calculate SLE data in electrolyte solutions.

2.1. Activity coefficient and the new reference

It is still assumed that the solute in the electrolyte solution exists as
molecule like our previous work. The activity coefficient of solute in this
work is the same meaning as the mean ionic activity coefficient in other
model.

In this work, it is assumed that the new reference state of activity co-
efficients in this model is the activity of solute a;(=m; x y;) —» 1 as
m; — the solubility. The reference is meaningful only to SLE, not to the
other situations.
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Table 1
Results of correlation for mixed electrolyte solutions

System T/K Data points This work Reference and experiment
dy/mol-kg~'® dpr/%@
K,CO3-KCI-H,0 273.15-343.15 38 0.097 427 [13]
K3S04-KCl-H,0 273.15-373.15 45 0.019 3.06 [13]
KCl-CaCl,-H,0 273.15-373.15 62 0.17 5.8 [14,15,16]
KCl-MgCl,-H,0 273.15-373.15 66 0.09 33 [13,14,16]
KNOs- KCI-H,0 303.15-343.15 42 0.13 1.56 [17,18]
MgCl,-CaCl,-H,0 298.15-348.15 55 0.29 4.6 [14,16,19]
MgS04-CaS04-H,0 298.15-328.15 18 0.12 5.1 [20,21]
MgS0,4-K,S04-H,0 273.15-339.15 64 0.009 0.77 [13]
Na,S04-MgS04-H,0 278.15-333.15 57 0.043 2.03 [22]
NaBr-KBr-H,0 273.15-323.15 59 0.059 2.7 [13]
NaCl-CaCl,-H,0 273.15-373.15 27 0.206 5.2 [23]
NaCl-KCI-H,0 273.15-373.15 67 0.034 0.64 [13,17,23]
NaCl-MgCl,-H,0 273.15-373.15 51 0.081 5.1 [13,23]
NaCl-Na,S04-H,0 288.15-373.15 70 0.042 3.03 [24,25]
NaCl-Nal-H,0 273.15-348.15 45 0.2 42 [13]
Nal-KI-H,0 273.15-323.15 52 0.11 2.2 [13]
NaCl-NaBr-H,0 273.15-303.15 42 0.09 43 [26]
NaCl-KCl-MgCl,-H,0 293.15 24 0.055 3.7 [13]
Average difference 0.105 34

@ dY = (1/N)X_IPexp — Peall, where N is the number of data points.
@ dp=(1/N) 2 IPexp — Peall / Pexp % 100%, where N is the number of data points.

Because of the change of the activity coefficient's definition and the
reference, it is not necessary to consider the situation of m; — 0. SLE lit-
erature data analysis is in the high concentration, the Debye-Hiickel
term is disregarded in this model.

2.2. The excess Gibbs energy and modeling

The model for the excess Gibbs energy of SLE is expressed as a new
formula in this paper. The model is proposed according to the excess
Gibbs energy of Pitzer model. Two contributions of the new model are
being considered to account for the excess Gibbs energy. The function of

Gy is based on 3_ > (m;m;\; ;) in the excess Gibbs energy function of
i jj#i

Pitzer model, and Gy, is adopted to account for the electrostatic interac-

tion term between single electrolyte and water. The function of Gy is
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Fig. 1. The correlation of the activity coefficient for NaCl, KCl, KBr, K,CO3 solutions.
Symbols (B, NaCl; @, KCl; A, KBr; v, K,COs): literature data [13]; lines: the correlation
result of the new model.

based on 3_ >~ (mymjmA; ;) in Pitzer's, and G is the electrostatic in-
i jj#

teraction term between salt and salt, which is usually used in multicom-
ponent electrolyte solutions. It is assumed that solubility of every
dissolved solid is affected by other solutes in multicomponent electro-
lyte solutions. For the calculation, water-salt parameters for electrolyte
solutions are shared in single salt systems and mixed salt systems. The
excess Gibbs energy is described as follows:

G =G +GE (1)

Gy,
ItQTW = miE; (2)
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Fig. 2. The correlation of the activity coefficient for CaCl, solution. Symbols (M,
CaCl,-2H,0; @, CaCl,-4H,0; A, CaCl,-6H,0): literature data [23]; lines: the
correlation result of the new model.
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Fig. 3. The correlation of the activity coefficient for MgSO, solution. Symbols (M,
MgSO,4-7H,0; @, MgS04-6H,0; A, MgS0,4-H,0): literature data [13,20]; lines: the
correlation result of the new model.

Ge
nitzTX =>> (mim;‘ Fij+mimGy ) Y
i g

where m; and m; are the molality of solute; E;, F;; and G;; are the interac-
tion parameters at a particular temperature; ky = 0.5.

RT Iny, — <agfnc ) )

In this work, we obtain the activity coefficient of solute from
Egs. (1)-(4), and the final equation can be written as follows:

lnyi = E,' -+ Z(F”m] + G,-.jmjo‘s) (5)
Joj#i
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Fig. 4. The correlations of SLE data for NaCl-KCI-H,0 system. Symbols (B, T =
273.15K; @, T = 323.15K; A, T = 373.15 K): literature data [13,17,23]; lines: the
correlation result of the new model.
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Fig. 5. The correlations of SLE data for K,SO4-KCl-H,0 system. Symbols (B, T = 273.15K;
®,T=323.15K; A, T=373.15 K): literature data [13]; lines: the correlation result of the
new model.

We have tested this approach for SLE data between 273.15 K
and 373.15 K. To correlate data at different temperatures, the fol-
lowing temperature dependence of the parameter E;, F;j and G;
were used:

E; = pai_1T + pa;_,T°® + pa;_3/T (6)
F;j = pbi_;T + pe;_ ;T (7)
Gij = pdi_;T + pe;i_;T" (8)

where pa;_i, pa;_, and pa;_s, are water-solute parameters, pb;_j, pci_j, pd;_j
and pe;_j, are solute-solute parameters, and k; is the temperature
parameter.
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Fig. 6. The correlations of SLE data for NaCl-MgCl,-H,0 system. Symbols (B, T= 273.15K;
®, T=32815K; A, T= 373.15 K): literature data [13,23]; lines: the correlation result of
the new model.
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Table 2
Comparison of the SLE data for single electrolyte solutions
System T/K Data points This work ElecNRTL Pitzer
dy/mol-kg~! dr/% dY/mol-kg ! dr/% dy/mol-kg ! dr/%
NaCl-H,0 273.15-373.15 4 0.032 0.50 0.04 0.64 0.05 0.79
KCl-H,0 273.15-373.15 4 0.077 1.01 0.058 0.96 0.42 3.57
CaCl,-H,0 273.15-373.15 4 0.13 1.65 0.46 6.09 0.35 341
K»C03-H,0 273.15-373.15 4 0.016 0.2 0.51 6.41 0.097 1.15
NaBr-H,0 303.15-373.15 4 0.37 31 1.08 12 0.15 1.79
Na,S04-H,0 298.15-373.15 4 0.11 4.16 241 61.37 1.16 25.24
MgS04-H,0 298.15-373.15 4 0.033 2.10 0.76 11.92 0.34 7.36
MgCl,-H,0 273.15-373.15 4 0.13 2.14 0.16 2.28 0.41 5.70
Average difference dY and dP 0.11 1.85 0.68 12.7 0.37 6.12
Table 3
Literature and calculated values of the solubility of the NaCl-KCl-H,0 system
Literature solubility /mol- (kg H,0) ! This work This work ElecNRTL Pitzer
(correlated) (predicted)
T/K NaCl KCl Solid Phases NaCl KCl NaCl KCl Nacl KCl Nacl KCl
273.15 6.10 0.00 NaCl 6.10 6.10 6.14 6.13
273.15 5.63 0.96 Nacl 5.63 5.50 5.85 5.55
273.15 5.44 139 NaCl + KCl 543 1.40 5.6 1.20 5.85 1.11 5.48 1.08
273.15 345 213 KCl 2.08 230 1.68 1.86
273.15 0.00 3.79 KCl 3.78 391 3.77 3.82
298.15 6.16 0.00 Nacl 6.15 6.15 6.13 6.10
298.15 5.42 1.57 NaCl 5.40 5.6 5.56 5.18
298.15 5.10 218 NaCl + KCl 512 217 5.41 2.50 5.54 1.62 5.06 1.78
298.15 2.95 3.13 KCl 3.09 3.30 2.77 2.84
298.15 0.00 4.84 KCl 4.80 5.01 4.79 4.80
348.15 6.47 0.00 NaCl 6.46 6.46 6.48 6.44
348.15 5.29 2.49 Nadcl 5.30 5.45 5.45 5.05
348.15 4.74 3.85 NaCl + KCl 4.75 3.87 4.80 3.79 5.08 3.51 451 3.55
348.15 2.68 491 KCl 494 521 482 4.70
348.15 0.00 6.67 KCl 6.80 6.89 6.70 6.71
373.15 6.71 0.00 NaCl 6.70 6.70 6.73 6.70
373.15 497 391 Nacl 497 531 512 4.64
373.15 4.67 4.74 NaCl + KCl 4.67 4.73 491 4.51 493 445 437 4.50
373.15 1.79 6.33 KCl 6.32 6.55 6.27 5.11
373.15 0.00 7.52 KCl 7.70 7.95 7.53 7.61
Average difference dY and dP 0.026 0.56 0.17 35 0.20 58 0.20 5.59

The model is useful only to the calculation of SLE in
aqueous salt solutions, it is useful for simple calculations
when a comprehensive, multi-property models is not needed

and only solubility need to be calculated. Therefore, multiple
properties are not considered in this model, such as vapor-lig-
uid equilibria.

Table 4

Literature and calculated values of the solubility of the KCI-K,;CO3-H,0 system
Literature solubility/mol- (kg H,0) ! This work This work ElecNRTL Pitzer

(correlated) (predicted)

T/K KCl K,CO3 Solid phases KCl K,CO3 KCl K,CO3 KCl K,CO3 KCl K,CO5
273.15 3.76 0.00 KCl 3.78 3.78 3.77 3.77
273.15 1.25 3.85 KCl 1.10 0.98 0.76 144
273.15 0.70 511 KCl 0.63 0.59 0.03 0.90
273.15 0.21 7.66 KCI + K,CO3-1.5H,0 0.20 7.66 0.18 7.90 0.02 6.85 033 7.55
273.15 0.00 7.75 K,CO3-1.5H,0 7.76 7.76 6.85 7.78
323.15 5.75 0.00 KCl 5.80 5.80 5.77 5.59
323.15 2.52 3.76 KCl 225 1.95 2.50 1.75
323.15 0.84 6.86 KCl 0.81 0.77 0.60 0.57
323.15 0.43 8.64 KCl + K,CO3-1.5H,0 0.44 8.64 0.40 9.1 0.60 6.86 0.30 8.39
323.15 0.00 8.78 K>COs3-1.5H,0 8.80 8.8 0.00 8.62 0.00 8.20
343.15 6.49 0.00 KCl 6.60 6.60 6.52 6.02
343.15 2.56 434 KCl 2.47 2.10 4.65 1.58
343.15 0.77 8.67 KCl 0.76 0.65 1.15 0.31
343.15 0.60 9.43 KCl + K,CO3-1.5H,0 0.61 9.43 0.55 9.1 1.02 9.43 0.28 8.91
343.15 0.00 9.64 K,CO3-1.5H,0 9.60 9.60 0.00 9.42 9.13
Average difference dY and dP 0.05 2.64 0.15 4.5 047 20.16 0.34 12.8
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Table 5
Literature and calculated values of the solubility of the NaCl-MgCl,-H,0 system
Literature solubility/mol- (kg H,0) ™! This work ElecNRTL Pitzer
T/K NaCl MgCl, Solid Phases NaCl MgCl, NaCl MgCl, NaCl MgCl,
273.15 6.10 0 NaCl 6.10 6.15 5.96
273.15 2.09 2.08 NacCl 212 2.19 224
273.15 0.47 3.75 NacCl 0.47 0.49 0.63
273.15 0.079 5.54 NaCl + MgCl,-6H,0 0.082 5.55 0.11 5.58 0.11 5.49
273.15 0 5.60 MgCl,-6H,0 5.64 5.56 5.53
298.15 6.16 0.00 NacCl 6.16 6.14 6.10
298.15 1.86 2.53 NacCl 1.73 1.92 1.76
298.15 0.53 3.97 NacCl 0.52 0.63 0.55
298.15 0.091 5.81 NaCl + MgCl,-6H,0 0.10 5.80 0.16 5.81 0.095 5.68
298.15 0.00 5.84 MgCl,-6H,0 5.84 5.79 572
343.15 6.44 0.00 NaCl 6.42 6.44 6.48
343.15 1.94 3.10 NaCl 1.66 1.80 1.37
343.15 0.61 441 NacCl 0.67 0.80 0.46
343.15 0.12 6.67 NaCl + MgCl,-6H,0 0.13 6.68 0.23 6.81 0.067 6.28
343.15 0.00 6.68 MgCl,-6H,0 6.70 6.71 6.30
373.15 6.71 0.00 NacCl 6.70 6.74 6.83
373.15 434 1.63 NacCl 481 4,03 3.57
373.15 0.14 7.37 NaCl + MgCl,-6H,0 0.15 7.37 0.217 7.94 0.044 6.93
373.15 0.00 7.50 MgCl,-6H,0 7.43 7.66 6.94
Average difference dY and dP 0.052 1.04 0.1 1.61 0.2 2.4
Table 6
Literature and calculated values of the solubility of the NaCl-Na,SO4-H,0 system
Literature solubility /mol- (kgH,0) ! This work ElecNRTL Pitzer
T/K NaCl Na,SO04 Solid phases NacCl Na,SO04 NaCl Na,S04 NacCl Na,S04
298.15 3.268 1.459 Na,S04-10H,0 + NaySO4 1.45 1.19 1.24
298.15 3.968 1.146 Na,S04 1.15 0.83 1.07
298.15 4534 0.890 Na,S04 0.94 0.61 0.88
298.15 5.309 0.703 Na,S04 0.70 0.41 0.66
298.15 5.537 0.700 NayS04 0.65 0.37 0.62
298.15 5.640 0.693 Na,S04 + NaCl 5.61 0.62 5.74 0.16 5.48 0.62
298.15 5.776 0.469 Nacl 5.76 5.81 5.63
298.15 5913 0.238 Nacl 5.93 5.95 5.86
298.15 6.087 0.000 NaCl 6.15 6.14 6.1
323.15 1.881 2.053 Na,S04 217 1.56 1.87
323.15 3.791 1.096 Na,S04 1.15 0.59 1.37
323.15 5.855 0.554 Na,SO04 + NaCl 5.86 0.62 6.25 0.17 5.51 0.77
323.15 6.027 0.250 NaCl 6.06 6.27 6.03
373.15 0.000 2.975 Na,S04 2.18 2.53
373.15 1.603 1.981 Na,S04 123 142
373.15 3.019 1.244 NayS04 0.57 0.83
373.15 4.075 0.839 Na,S04 0.31 0.56
373.15 6.352 0.445 Na,S0,4 + NaCl 6.40 6.75 0.093 6.48 0.26
373.15 6.496 0.268 NaCl 6.49 6.60
373.15 6.714 0.000 NaCl 6.70 6.75 6.71
Average difference dY and dP 0.036 2.78 0.26 22.5 0.12 7.80

2.3. The calculations for SLE

We obtain the activity coefficient expression of solute from

Egs. (1)-(4), the expression for the solute is as follow:

Iny; = pa;_1T + pa;_,T°° + pa;_3 /T

+ Z (pb,'_jT + pCi_ka"mj + pdi_jT + pe,'_ka* mjo's) (9)

iz

a; = m;y;

(10)

We obtain the activity expression from Eq. (10), and the activity of

solute is as follow:

a; = m; exp (pai—l T+ pa;_»T%% + pa;_3/T

.

+ Z (pb,]T + pC,-,jT"" m; + pd,-,jT + pe,v,ka" mJ'O'

(11)

)

Then, based on the reference state of activity coefficients
(a; — 1 as m; — the solubility) in this model, the solubility of cor-
responding solute is obtained. The expression of calculation is as
follow:

My exp <pai1T +pai_ T + pa;_3/T (12)

+ <pbi—fT +peiTm; + pdi_ T + pe;_;T" m’pﬁ) ) -
i

where m, is the solubility of solute.

From Egs. (9) to (12), we can calculate the solubility m,
of corresponding solute. The software of this calculation is
1stopt 6.0, and the computational algorithm is Universal Global
Algorithm.
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Table 7
Literature and calculated values of the solubility of the NaCl-KCI-MgCl,-H,0 System
Literature solubility/mol- (kg H,0) ! This work ElecNRTL Pitzer
T/K NaCl KClI  MgCl,  Solid Phases NaCl  KClI  MgCl, NaCl Kcl MgCl, NaCl  KCl  MgCl,
293.15 266 127 165 NaCl + KCl 251 125 2.93 0.95 252 138 164
293.15 214 146 159 KCl 1.48 1.234 155 1.59
293.15 0 247 159 KCl 2.45 2.29 235 160
293.15 337 159 114 NaCl + Kl 342 155 3.67 1.156 322 160 114
293.15 044 054 393 NaCl + KCI + KCI-MgCl,-6H,0 045 058  3.92 1.09 035 317 050 055 393
293.15 035 025 431 NaCl + KCI-MgCl,-6H,0 0.35 428 0.47 431 0.38 432
293.15 009 002 576 NaCl + KCI-MgCl,-6H,0 0.11 5.85 0.17 5824  0.09 5.65
293.15 389 006 107 NaCl 428 419 3.96
293.15 364 096 1.06 NaCl 3.65 3.88 3.59
293.15 333 158 1.06 NaCl + KCl 357 159 3.8 1.189 333 164
293.15 205 212 106 KCl 1.99 1.88 205 214
293.15 012 298 105 KCl 3.05 3.09 012 3.09
293.15 215 01 21 NaCl 2.11 2.49 2.30
293.15 196 079 21 NaCl 1.84 2.32 2.08
293.15 1.88 114 211 NaCl + KCl 1.8 1.19 229 0765 196 119
293.15 116 135 212 KCl 137 1.06 1.42
293.15 014 18 211 KCl 1.79 1.49 1.80
293.15 086 007 319 NaCl 0.95 1.17 1.00
293.15 084 046 317 NaCl 0.84 1.15 0.90
293.15 081 088 3.18 NaCl + KCl 081 085 114 041 081 079
293.15 039 104 315 KCl 0.96 0.514 0.92
293.15 004 114 32 KCl 1.07 0.545 0.90
293.15 044 054 394 NaCl + KCI + KCI-MgCl,-6H,0 045 054 393 0.6 023 4 049 053 4.00
293.15 019 008 563 NaCl + KCI-MgCl,-6H,0 0.17 5.62 0.17 5.45 0.09 5.16
Average difference dY and dP 0.055 3.7 0.28 24.20 0.082 6.57
3. Results and Discussion
3.1. Correlation of the SLE in electrolyte solutions
. . Table 8
The model described above was used to correlate SLE data for thirty- )
. R Water-salt parameters for electrolyte solutions
six electrolyte solutions at temperature between 273.15 Kand 373.15 K.
Results of seventeen mixed electrolyte solutions are presented System Pai-1 pai-2 pai-s
in Table 1. The results show that for all seventeen systems: CaCl,-2H,0 0.0242 —0.7770 1004.2229
dY < 0.29 mol-kg~! and the average of dY = 0.105 mol-kg~ !, CaCl-4H,0 —2.1808 50.3959 —66,574.4435
dP < 5.8%, and the average of dP = 3.4%. CaCly-6H,0 —2.3994 534066 —62,780.7400
Y Zi dP d& & ? CaS0,-2H,0 04174 —9.6198 13,670.9649
and drwere used. Cas0, 0.6962 —172572 29,185.1172
K,CO3 —0.0244 0.4244 —742.3316
K,504-H,0 —0.4639 10.1370 —10,929.8000
dy =(1 /N)Z“)exp —Pea| (11) K550, 0.0393 —1.0667 2111.6339
KBr 0.0068 —0.3160 502.7296
KCl 0.0110 —0.4134 678.7843
KI 0.0330 —0.9094 1089.1905
dP = (1/N)) _|Pexp—Pcal|/Pexp x 100% (12) KNO; 0.0802 —23372 4517.2576
MgCl,-6H,0 —0.0575 1.1471 —1618.5699
MgCl,-8H,0 —1.4916 31.7260 —32,911.0151
) o ) ) MgCl,-12H,0 —2.2508 46.0785 —42,138.7408
The correlation of the activity coefficient of NaCl, KCl, KBr, K,COs is MgS0,-6H,0 0.3653 —9.0441 13,738.8296
shown in Fig. 1, and the results of CaCl, and MgSO, are shown in Figs. MgS0,-7H,0 —0.1146 2.3491 —2378.5617
2 and 3, respectively. The correlations of SLE data over the solutions of Mgs0, —0.3301 79849 —124456728
NaCl-KCI-H,0, K,S0,~KCl-H,0 and NaCl-MgCl,-H,0 at different tem- Noor2H0 EP o oame T
perature are shown in Figs. 4, 5 and 6, respectively. For these electrolyte Nacl —0.0032 —0.0025 2411376
solution systems, the model provides satisfactory results. In this work, Nal-2H,0 —0.0998 2.0254 —2475.9840
Tables 8 and 9 present the values of the parameters introduced in Nal 0.1013 —2.6925 4184.2399
Eq. (9), the water-solute parameters are listed in Table 8, the solute— Naz504-10H,0 —0.5395 11.2317  —10,193.0890
solute parameters are listed in Table 9 Na,504 02587 —6.0081 108029482
p : KCl-CaCl, —0.0028 —1.7031 0.7681
a-KCl-CaCl, 0.0005 —0.1888 —1.6382
2KCl-CaCl,-2H,0 0.2488 —43310 2.1560
3.2. Prediction of the SLE in mixed electrolyte solutions KCl-MgCl,-6 H,0 —0.1583 0.6613 13,141.9493
CaCl,-MgCly-6 H,0 —1.8914 403676 —37,769.6400
" - . . K5S04-MgS04-2H,0 0.0094 —0.7402 44552703
The predlctlve capability gf the model was examined by calculating K>S04-MgSO4-6H,0 — 01617 3.4573 —2563.9369
SLE in mixed electrolyte solution systems using values of the parameters Na,504-MgS04-2.5H,0 18.8391 —353.9377 42.2690
obtained from the correlation of binary electrolyte solution systems. The Na,504-MgS0,-4H,0 —1.0550 18.7487 3688.1585
prediction of SLE data over the solutions of NaCl + KCl + H,0 and KCI- NaCl-NaBr —0.0238 04119 1028.3250
NaCl-NaBr-2H,0 —1.6159 34,1488 —30,522.2100

K;C0O3-H,0 are shown in Tables 4 and 5, respectively.
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Table 9

Salt-salt parameters for electrolyte solutions
ny5t31 Salts pbcrystal-salt pCcrysta]-saIt pdcrystal-salt pecrystal-salt ki
K>COs-KCl
Kcl K>CO5 0.01994 —0.004150 —0.01967 0.004186 1.2600
K,CO3-2H,0 KCl —0.003129 14771 0.001971 —0.8427 —0.08058
K5S04-KCl
KCl K,SO4 0.02366 —5.993 x 107° —0.007838 21117 x107° 2.0337
K5S04 KCl —0.0003347 1.2925 —0.002696 2.2594 —0.1661
KCl-CaCl,
KCl CaCl, —0.0007506 5.949 x 10'® 0.002714 —6.2744 —7.8261
CaCl,-2H,0 KCl —0.001335 0.09440 0.0007133 0.04731 0.03474
CaCl,-4H,0 KCl —0.002088 118.6813 0.2143 —14455.5423 —0.9350
CaCl,-6H,0 KCl 0.0103133 —8.3628 0.01472 11.8875 —0.1932
KCl-CaCl, KCl 0.002594 —0.4546 —0.01216 —52988.98 —2.6959
KCl-CaCl, CaCl, —0.009464 1.2169 0.06379 —0.5645 —2.6959
a-KCl-CaCl, KCl —0.0008419 —5.115x 1076 0.000876 5.8185 x 1077 9.7598 x 1076
«-KCl.CaCl, CaCl, 0.001 —1.2756 x 107> 0.00116 —0.9625 9.7598 x 1076
2KCl-CaCl,-2H,0 KCl 0.001125 —0.4266 —0.00739 0.1185 —50.3992
2KCl-CaCl,-2H,0 CaCl, 0.0009074 9.7403 —0.00621 2.5543 —50.3992
KCI-MgCl,
KCl MgCl, 0.001158 5.355 x 10'° —0.001144 4.1406 x 10'° —4.6236
MgCl,-6 H,0 KCl 0.01015 —1.2263 x 10°! —0.00235 2.7559 x 10°° —12.3414
KCl-MgCl,-6 H,0 MgCl, —0.01838 2697.098 0.0959 —13837.6719 —1.0682
KCl-MgCl,-6 H,0 KCl —0.01807 5180.623 0.01776 —7283.0728 —1.0682
KNOs- KCl
KCl KNO3 0.002573 —0.000901 —0.006199 0.002236 1.1768
KNO3 KCl 0.002129 —0.0001732 0.003088 —0.0002592 1.4182
MgCl,-CaCl,
CaCl.2H,0 MgCl, 0.0005794 —0.1796 0.003230 —0.9824 0.005009
CaCl,-4H,0 MgCl, —28.0484 31362.12 —0.06493 45.4066 —0.2248
CaCl,-6H,0 MgCl, 0.05821 —19.8619 0.01225 —3.4229 —0.02226
MgCl,-6 H,0 CaCl, 0.01297 —0.0006110 —0.01238 0.0006276 1.5244
CaCl,-MgCl, -6 H,0 MgCl, 0.5615 —0.2461 —3.2033 1.4015 1.1437
CaCl,-MgCl,-6 H,0 CaCl, —0.4822 0.2115 1.6585 —0.7279 1.1437
MgS04-CaS0y4
MgS04-7H,0 CaSO4 0.5991 —815596.8203 —0.01726 17456.799 —1.499
CaS04-2H,0 MgSO,4 —0.01369 0.0001338 0.03503 —0.000314 1.8277
MgS04-K5S04
K5S04 MgSO4 0.0002575 —7897507.032 0.0002126 —4485546.319 —3.0856
MgSO4-H,0 K;S04 0.02287 —5.9055 0.0001384 0.004312 0.05323
MgSO4-6H,0 K;S04 —0.0001632 —1.7481 —0.0002618 3.6954 —0.6313
MgS04-7H,0 K,S04 0.001055 1.7175 x 10786 —0.0007205 —1.2334x 10786 34.3528
K,S04-MgS04-2H,0 MgSO,4 0.2352 —0.06617 —0.7994 0.2249 1.2184
K;S04-MgS04-2H,0 K;S04 —0.5321 0.1509 0.9212 —0.2631 1.2184
K;S04-MgS0,4-6H,0 MgSO4 0.01159 —3662.927 —0.03204 10234.57 —1.2887
K;S04-MgS04-6H,0 K;S04 —0.01868 5219.150 0.05371 —23115.4334 —1.2887
Na,S04-KI
KI Na,S04 —2.9292 0.5548 1.0091 1.8537 0.4996
Na,S04-10H,0 KI —0.2833 —1.4409 0.6491 1.3686 —1.7958
Na,S04-MgS0O4
Na,S0, MgS0, —0.009773 8.4786 x 10" 0.01738 —1.4395 x 102 —4.5925
Na,SO4-10H,0 MgSO4 0.000889 —0.3047 0.01758 —6.4955
MgSO4-6H,0 Na,S04 —0.01078 2.4661 —0.004849 1.1129 0.06236
MgSO4-7H,0 Na,S04 0.0008796 9473678.8170 —0.0006516 1.0413 x 10"° —8.2048
Na,S04-MgS04-2.5H,0 Na,SO4 —0.1036 7300.1025 114.9325 —7163254.87 —0.8817
Na,S04-MgS04-2.5H,0 MgSO,4 —15.6137 972383.0321 0.007907 970.8212 —0.8817
Na,S0O4-MgSO4-4H,0 Na,S04 —0.1009 33.3523 0.3857 —127.6306 —0.0001968
Na,S04-MgS04-4H,0 MgSO4 —0.01741 7.9362 0.1848 —67.0097 —0.0001968
NaBr-KBr
NaBr KBr —0.1708 3.5546 —0.04066 0.8365 0.4751
NaBr-6H,0 KBr 0.0002078 1.5738 x 1058 —8.5386 x 1077 2.7346 x 104 —28.5519
KBr NaBr —0.001995 2.4864 0.001748 —1.8188 —0.1982
NacCl-CaCl,
Nacl CaCl, —0.0002093 2.0235 % 10" 0.002175 —2.5652 x 10'° —7.9013
CaCl,.6H,0 NaCl 0.006851 0.4493 —0.008211 0.6363 0.1410
CaCl,-2H,0 Nacl 0.02322 —9.5101 —0.01877 8.2385 —0.07412
NaClI-KCl
NaCl KCl 0.002293 —0.000742 —6.914x107° 2.1031x 1077 1.1742
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CFyStal Salts pbcrystal»sa]t pccrystal-salt pdcrysta]-sa]t pecrysta]»salt ki

KCl Nacl —0.0001425 5719.334 0.000337 —3827.293 —1.7857
NaCl-MgCl,

Nacl MgCl, —0.00167 29.3024 0.000747 —21.3666 0.5118
MgCl,-6H,0 Nacl 0.01221 —11096770.79 —0.004196 4044177.004 —2.634

NaCl-Na,S04

NaCl Na,SO04 —0.0004639 1.5326 0.000111 —0.04864 —0.3244
Na,S04 Nacl —0.000545 7.8458 x 10'8 0.005207 —2.5959 x 10" —7.694

Na,S04-10H,0 Nacl 0.00621 —2.0494 x 10'° —0.0134 4.7857 x 10'° —4.0669
NaCl-Nal

NacCl Nal —0.0005897 105176.65 0.001352 —115,915.649 —2.2115
Nal-2H,0 Nacl 0.003707 —2.2042 x 10777 —0.00266 2.0491 x 10777 30.2611
Nal-KI

KI Nal 0.002698 —2.9629 x 107° —0.00176 1.8844 x 107° 2.1462
Nal-2H,0 KI 0.0001874 —4.4117 x 10%7 —7379%x107° 4.3829 x 10”7 —73.2743
NaCl-NaBr

NaBr-2H,0 Nacl —0.8606 —0.7711 0.4303 —0.00926 0.9761
NaCl-NaBr Nacl —0.0024 —3.3118 —0.07141 2.6212 —1.0939
NaCl-NaBr NaBr 8.2679 x 10~° 970.1999 0.07808 —3382.060 —1.0939
NaCl-NaBr-2H,0 Nacl —263.101 —5564.21 45.4328 —9194.699 —1.4926
NaCl-NaBr-2H,0 NaBr 263.1208 —2884.066 —45.4733 —9.0608 —1.4926

3.3. Comparison with other methods

Eight single electrolyte solution systems and five mixed electrolyte
solution systems were selected for comparison with ElecNRTL, Pitzer
and the proposed model in this work, as these system had been previ-
ously studied using other methods. However, the ElecNRTL and Pitzer
models are comprehensive thermodynamic models that reproduce
multiple properties, including vapor-liquid equilibria, activity coeffi-
cients, and caloric properties in addition to solubility, the new model
is useful for simple calculations when a comprehensive, multi-
property model is not need and only solubility data need to be
correlated.

Results of comparisons for single electrolyte solution systems are
shown in Table 2, where dY and dP are listed. Note that the maximum
dY(=0.37 mol-kg~ ') and the maximum dP(=4.16%) of the model in
this work are less than ElecNRTL's (dY = 2.41 mol-kg™ !, dP =
61.37%) and Pitzer's (dY = 1.16 mol-kg™ !, dP = 25.24%). Similarly,
the average dY(=0.11 mol-kg~ ') and the average dP(=1.85%) of the
model are less than ElecNRTL's (dY = 0.68 mol-kg~!, dP = 12.7%)
and Pitzer's (dY = 0.37 mol-kg~ !, dP = 6.12%).

Results of comparisons for mixed electrolyte solution systems are
shown in Tables 3-7. These systems are NaCl-KCI-H,0, KCI-K,COs-
H,0, NaCl-MgCl,-H,0, NaCl-Na,S04-H,0 and NaCl-KCl-MgCl,-H,0,
respectively. The average dY(=0.026, 0.05, 0.052, 0.036,
0.055 mol-kg~!) and the average dP(=0.56, 2.64, 1.04, 2.78, 3.7%) of
this work are less than ElecNRTL's (dY = 0.20, 0.47, 0.1, 0.26,
0.28 mol-kg™~ !, dP = 5.8, 20.16, 1.61, 22.5, 24.2%) and Pitzer's (dY =
0.20,0.34,0.2,0.12,0.082 mol-kg ™', dP = 5.59, 12.8, 2.4, 7.8, 6.57%).

These comparisons show that the model in this work can be used to
correlate SLE data over wide ranges of temperatures and concentra-
tions, and the results are better than ElecNRTL's and Pitzer's.

4. Conclusions

In this work, a new model is developed for the calculation of SLE in
electrolyte solutions. A new excess Gibbs energy equation for SLE and
a new assumption for the reference state of activity coefficients are pro-
posed in the model. The new model was applied to single electrolyte so-
lution and mixed electrolyte solution systems containing a variety of
salts at wide ranges of temperature, and the results yielded compared
well with literature data and with published models. The model can

successfully correlate SLE data in electrolyte solutions, and the results
are better than ElecNRTL's and Pitzer's.

Nomenclature

a activity

cal calculation

dy average absolute error, mol-kg ™!

dP average relative error, %

exp experiment

G¢ excess Gibbs energy, J-mol ™!

Gw electrostatic interaction between single electrolyte and
water, ]-mol !

Gy electrostatic interaction term between salt and salt, J-mol !

i component i

j component j

ki temperature parameter

ky exponential parameter

m molality, mol-kg ™!

My solubility, mol-kg~!

n; integral molar quantity, mol

pa water-solute parameter

pb, pc, pd, pe solute-solute parameters

R gas constant, J-mol~!-kg ™!

T temperature, K

0% activity coefficients
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