Chinese Journal of Chemical Engineering 24 (2016) 1456-1463

Chinese Journalof |
CHEMICAL ENGINEERING
R ———

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier.com/locate/CJChE

ELSEVIER

Chemical Engineering Thermodynamics

Correlation of the mean activity coefficient of aqueous electrolyte
solutions using an equation of state

@ CrossMark

Seyed Hossein Mazloumi *

Chemical Engineering Department, Faculty of Engineering, Ferdowsi University of Mashhad, Mashhad, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 16 November 2015

Received in revised form 28 February 2016
Accepted 1 March 2016

Available online 13 April 2016

Accurate calculation of thermodynamic properties of electrolyte solution is essential in the design and optimiza-
tion of many processes in chemical industries. A new electrolyte equation of state is developed for aqueous elec-
trolyte solutions. The Carnahan-Starling repulsive model and an attractive term based on square-well potential
are adopted to represent the short range interaction of ionic and molecular species in the new electrolyte EOS.
The long range interaction of ionic species is expressed by a simplified version of Mean Spherical Approximation
theory (MSA). The new equation of state also contains a Born term for charging free energy of ions. Three adjust-
able parameters of new eEOS per each electrolyte solution are size parameter, square-well potential depth and
square-well potential interaction range. The new eEOS is applied for correlation of mean activity coefficient
and prediction of osmotic coefficient of various strong aqueous electrolyte solutions at 25 °C and 0.1 MPa. In ad-
dition, the extension of the new eEQS for correlation of mean activity coefficient and solution density of a few
aqueous electrolytes at temperature range of 0 to 100 °C is carried out.
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1. Introduction

Electrolyte solutions appear in many important chemical systems
such as extraction, distillation, biological processes. To correctly design
and optimize such processes, precise knowledge of thermo-physical
properties of electrolyte solutions is necessary. Due to the presence of
charged particles and their interactions between ions and molecular
species, modeling of electrolyte solution is a difficult and challenging
task. Thermodynamic modeling of electrolyte solutions can be carried
out using activity coefficient models [1-10] or by equation of state
approach [11-26]. The main advantage of the latter method is that a
residual Helmholtz energy model has implemented so many useful
thermo-physical properties can be derived by proper thermodynamic
relations.

However it should be noted that the application of the EOS method
for electrolyte solutions is almost a new approach and more complicat-
ed rather than the activity coefficient models. The species interac-
tions in electrolytes that result into a more non-ideal solutions
than non-electrolytes even at very low concentration, are different
from the repulsive and dispersive (attractive) forces taken into account
by most non-electrolyte EOS [23]. In most electrolyte equations of state
(eEOS), a non-electrolyte equation of sate is used as a base, and due to
the presence of ions, some extra expressions such as a version of
Mean Spherical Approximation (MSA) theory and the Born equation
are added. The eEOSs of Planche and Renon [13], Jin and Donohue
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[14], First and Renon [15], Wu and Prausnitz [16], Galindo et al. [17]
Myers et al. [18], Clarke and Boishni [19], Cameretti et al. [20], Tan
et al. [21], Liu et al. [22], Lin et al. [23], Kim and Lee [24], Inchekel et al.
[25], and Haghtalab and Mazloumi [26] are some examples of published
electrolyte equations of state.

Haghtalab and Mazloumi [27] have developed two non-electrolyte
equations of state based on a new coordination number model for
square well fluids. The non-electrolyte non-cubic SW proposed in our
previous work [27] has the advantage of using a very accurate repulsive
term of the Carnahan-Starling equation that is in very good agreement
with simulation data. Also, the attractive part (dispersion) contribution
of EOSs is usually empirical or pure correlation of simulation data, while
the attractive part of the present EOS is expressed by an equation that
has a theoretical backbone obtained from a square well potential func-
tion. The aim of this study is to extend the SWEOS to aqueous electrolyte
solutions and to verify its capability in representation of the thermody-
namic properties of electrolyte solutions.

2. Thermodynamic Model

To establish a formulation for a residual Helmholtz energy model,
some authors [16,18,25] have used a thermodynamic cycle in which
an electrolyte solution is created from an ideal gas mixture. The Born
equation is used to uncharge the ions at temperature T and volume V
at an ideal gas state resulting in a mixture including ungraded ions
and solvent molecules. The repulsive and attractive interactions of var-
ious uncharged species are expressed by the non-cubic SWEOS in the
step of isothermal compression of ideal gas mixture to liquid state at
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The fitted parameters and the results of correlation of mean activity coefficients and prediction of osmotic coefficients of various aqueous electrolyte solutions by the new eEOS and com-
parisons with MSW EOS [18], the data were taken from Ref. [32]

Electrolyte Max. m o/m (e/k)/K A AAD/%

New eEOS MSW

Y ¢ Y
Uni-univalent
AgNO3 6 3.099 872.24 1.673 0.07 0.18 0.2
CsAc 35 4.959 702.86 1.951 0.12 0.11 0.65
CsBr 5 3.101 750.36 1.642 0.23 0.30 0.31
CsCl 6 3.056 743.52 1.632 0.18 0.23 0.28
Csl 3 3.059 1036.97 1.258 0.15 0.23 0.17
CsNOs 14 3.402 769.49 1.841 0.14 0.18 0.15
CsOH 0.9 4.603 944.00 1.482 0.37 1.62 0.46
HBr 3 3.843 370.77 1.466 1.15 0.73 0.09
HCl 6 4.985 654.51 2.015 0.08 0.09 0.63
HCIO4 6 5.473 638.91 2.176 0.27 0.20 0.2
HI 3 4.233 525.17 1.590 1.23 0.87 2.61
HNO; 3 5.078 708.28 2.019 0.05 0.11 0.06
KAc 35 4974 703.71 1.965 0.10 0.09 0.61
KBrO; 0.5 4.572 971.21 1.786 0.05 0.09 0.08
KCl 4.5 4.361 777.03 1.797 0.05 0.04 0.08
KCIO3 0.7 4436 1046.43 1.672 0.05 0.06 0.08
KCNS 5 4.254 817.22 1.715 0.08 0.10 0.13
KF 4 4.362 723.66 1.834 0.09 0.10 0.08
KH adipate 1 4.594 783.71 1.852 0.11 0.10 0.09
KH malonate 5 4.265 822.44 1.785 0.45 0.50 0.52
KH succinate 45 4.355 780.81 1.836 0.16 0.14 0.22
KTol 3.5 5332 807.18 2.083 0.17 0.23 0.35
KH,PO4 1.8 3.448 755.88 1.863 0.06 0.11 0.08
KI 45 4.636 77447 1.848 0.14 0.13 0.2
KNO3 35 3.155 891.08 1.632 0.12 0.21 0.13
KOH 6 4.052 628.61 1.800 0.47 0.38 0.6
KBr 5.5 4374 778.21 1.787 0.06 0.05 0.09
LiAc 4 4.502 736.54 1.820 0.17 0.18 0.3
LiBr 6 5.165 640.59 2.089 0.36 0.25 0.37
LiCl 6 5.205 667.20 2.083 0.31 0.27 0.25
LiCl04 4 4.019 258.20 1.387 1.75 1.17 4.26
Lil 3 4.489 637.48 1.761 1.61 1.19 1.29
LiNO5 6 4.571 713.47 1.834 0.15 0.12 1.55
LiOH 4 1.944 565.21 1.356 0.72 0.94 1.01
LiTol 45 5.092 764.21 2.013 0.45 0.44 0.58
NaAc 3.5 4.181 251.01 1.252 0.60 0.44 0.61
NaBr 4 3.726 477.38 1.347 0.93 0.75 0.09
NaBrO3 25 3.861 873.04 1.625 0.24 0.31 0.08
NaCl 6 4.847 732.38 1.956 0.05 0.06 0.08
NaClO3 35 4.695 789.88 1.887 0.10 0.14 0.09
NaClO4 6 4.670 776.43 1.868 0.07 0.07 0.07
NaCNS 4 4.990 742.84 1.959 0.15 0.06 0.36
NaF 1 4353 791.21 1.805 0.03 0.02 0.02
Na formate 35 4.662 776.62 1.843 0.11 0.17 0.31
NaH malonate 5 4.050 817.41 1.699 0.22 0.18 0.26
Na propionate 3 4.830 705.17 1.897 0.18 0.15 0.76
NaH succinate 5 4.175 775.18 1.772 0.14 0.15 0.2
NaTol 4 4.874 833.67 1.912 0.33 0.38 0.44
Nal 3.5 5.043 698.93 2.014 0.17 0.19 0.19
NaNO3; 6 4.070 846.92 1.684 0.11 0.15 0.11
NaOH 6 5.123 709.07 2.052 0.65 0.73 0.67
NH,4Cl 6 4.105 803.81 1.679 0.15 0.16 0.29
NH4NO3 6 3.233 1009.42 1.403 0.20 0.24 0.16
RbAc 35 4.156 129.64 1.260 0.74 0.51 0.83
RbBr 5 3.873 789.62 1.668 0.06 0.06 0.07
RbCl 5 3.893 773.84 1.692 0.05 0.06 0.07
RbI 5 3.776 778.59 1.664 0.07 0.09 0.12
RbNO; 45 2.800 879.53 1.635 0.16 0.25 0.19
TIAc 6 2.892 1020.96 1.284 0.21 0.28 0.23
Overall 0.30 0.29 0.42
Uni-divalent
(sS04 1.8 4575 765.89 1.921 0.19 0.17 0.22
K5S04 0.7 3.728 1177.35 1.420 0.20 0.38 0.28
K>CrO4 35 4.735 1561.52 1.441 0.30 0.35 0.25
Li»S04 3 4.775 733.65 1.970 0.17 0.14 0.27
Na,CrO4 4 5318 729.87 2.138 047 0.61 041
Na,S04 4 4.541 773.98 1.944 0.27 043 0.16
Na,S,03 35 4.851 746.60 2.015 0.25 0.30 0.17
(NH4)2S04 4 3.446 1376.50 1.362 0.30 0.40 0.25
Rb,SO4 1.8 4.587 768.60 1.937 0.13 0.12 0.15
Overall 0.25 0.32 0.24

(continued on next page)
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Table 1 (continued)

Electrolyte Max. m o/m (e/k)/K A AAD/%

New eEOS MSW

Y ¢ Y
Di-univalent
BaBr, 2 5.367 1680.93 1.420 0.12 0.16 0.16
BaCl, 1.8 5.234 1640.26 1431 0.15 0.11 0.17
Ba(ClO4), 5 5.391 1669.20 1421 0.37 027 4.75
Bal, 2 5.596 1735.27 1.407 0.30 0.40 0.3
Ba(NOs), 04 3.772 1116.05 1.524 0.09 0.24 0.11
BaAc; 35 4.108 582.44 1.041 0.69 0.98 421
CaBr, 6 5.908 595.47 2.325 291 1.34 2.11
CaCl, 6 5.489 624.48 2.193 0.49 0.31 0.71
Ca(ClOy4), 6 5.618 577.14 2.220 1.42 0.70 3.9
Cal, 2 5.895 1805.22 1.424 0.53 0.14 0.18
Ca(NOs), 6 5.114 1611.53 1.442 0.77 0.76 0.21
Cd(NO3), 2.5 5.295 1628.45 1.439 0.17 0.20 0.52
Cdcl, 6 1.148 1519.95 1.324 11.78 21.69 21.28
CdBr, 4 1.102 1670.95 1.332 18.19 35.95 26.53
Cdl, 2.5 1.091 1880.46 1.329 34.49 81.46 45.56
CoBr, 5 5.048 559.76 2.052 1.60 0.97 4.7
CoCl, 4 5.307 1679.24 1.391 0.69 0.52 2.65
Col, 2 5314 531.35 2.131 6.19 2.13 18.92
Co(NO3), 5 5.653 1748.97 1.443 1.18 0.75 0.73
CuCl, 6 4.747 792.20 1.753 0.27 0.41 4.59
Cu(NOs), 6 5.598 1733.21 1.450 1.53 1.06 1.71
FeCl, 2 5.454 1713.91 1.413 0.15 0.15 0.22
MgAc, 4 4.040 1416.64 1.302 0.24 033 0.96
MgBr, 5 5.741 569.81 2.274 0.82 0.37 0.27
MgCl, 5 5.699 598.46 2.264 0.45 0.30 0.39
Mgl 5 6.008 544.78 2.355 1.14 0.56 0.5
Mg(ClO4), 4 6.021 542.44 2.355 0.31 0.28 0.48
Mg(NO3), 5 5.396 639.64 2.136 0.28 0.23 0.34
MnCl, 6 4417 659.83 1.645 1.60 133 6.8
NiCl, 5 5.525 1734.18 1.412 0.55 0.35 3.89
Pb(Cl04)> 6 5.816 1780.81 1.455 1.81 1.06 2.68
Pb(NOs3), 2 2.956 809.11 1.715 0.17 0.32 0.19
SrBr, 2 4.521 1459.99 1.247 2.18 1.94 0.16
SrCly 4 5.735 1771.53 1.454 0.97 0.76 0.3
Sr(Cl0y4)> 6 5.790 1785.97 1.426 2.03 1.12 6.45
Srl, 2 5.286 1677.16 1.353 1.57 1.08 0.23
Sr(NO3), 4 4.998 1566.55 1.467 0.18 0.23 0.23
U0,Cl, 3 5.378 1654.37 1.400 0.24 0.20 224
UO,(Cl0y), 5.5 5.947 477.32 2.344 2.47 0.90 1.69
UO,(NO3), 5.5 4.691 575.82 1.485 432 2.77 15.65
ZnBr, 6 5.769 766.09 2.127 1.71 1.49 4.24
ZnCl, 6 5.787 756.28 2.205 0.41 0.48 1.18
Znl, 6 5.655 780.80 2.010 342 2.66 14.06
Zn(Cl04), 4 5.948 529.96 2.345 0.23 0.18 0.38
Zn(NOs); 6 5.301 648.23 2.095 0.51 0.38 2.15
Overall 2.48 3.78 4.66
Di-divalent
BeSO4 4 3.566 1580.03 1.205 2.27 6.19 1.86
MgS0,4 35 3.587 1555.44 1.242 2.12 7.36 217
MnSO,4 4 3.744 1614.35 1.292 2.14 7.09 1.78
NiSO4 2.5 3.555 1567.79 1.273 1.57 6.78 1.76
CuSO4 14 3.343 1228.20 1.148 1.21 6.42 1.56
ZnS04 35 3.737 1642.78 1.283 2.38 7.58 2.05
CdSO, 35 3.600 1579.77 1.289 1.62 6.22 1.53
UO0,S04 6 3.229 1430.22 1.176 1.02 2.57 1.71
Overall 1.79 6.57 1.80
Tri-univalent
AlCl3 1.8 6.134 1871.81 1.434 0.91 1.10 0.61
CeCl; 2 5.765 1787.02 1.432 0.79 1.17 0.44
CrCls 1.2 5.900 1816.65 1.420 0.40 0.76 0.49
Cr(NOs)3 14 5.637 1750.34 1.409 0.16 0.57 0.21
EuCls 2 5.871 1808.33 1.439 0.57 0.98 0.27
LaCl3 2 5.789 1789.86 1.436 0.41 0.87 0.16
NdCl; 2 5.789 1794.72 1.433 0.47 0.98 0.22
PrCl3 2 5.774 1790.01 1434 0.32 0.84 0.32
ScClz 1.8 5.776 1795.36 1.410 0.30 0.77 0.29
SmCl; 2 5.813 1797.51 1433 0.47 0.92 0.23
YCl3 2 5.890 1817.96 1434 0.77 1.10 0.29
Overall 0.51 0.91 0.32

Note: 0, size parameter; &/k, square-well potential depth; 4, square-well potential range; ¢, osmotic coefficient; 1y, activity coefficient; p, density; ao-as, coefficients in Eq. (20); AAD = 100 /
Np 3 |X% — Xo%P| / X¥P, X, ¢,y or p.
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V. In the next step, the Born equation with a negative sign is again ap-
plied to charge the neutral ions. Finally the long range interactions of
ions are expressed by the MSA equation. The total residual Helmholtz
energy can be expressed as

A—A" = Ao + Mgy + AAyisa (1)

where the superscript id denotes the ideal gas mixture and the subscript
Born, SW and MSA stand for the Born equation, square well equation of
sate and mean spherical approximation, respectively. Having the resid-
ual Helmholtz energy, the equation of state in terms of compressibility
factor can be derived by differentiating the total Helmholtz energy
equation with respect to density. Also, the chemical potential equation
can be obtained by the derivative of the total residual Helmholtz energy
with respect to the mole number.

The Born equation [28] for discharging and charging processes of
ions in the thermodynamic cycle is expressed as

CNpe? /1 niz%
anD, (1 5)27,- @

ions

AABom =

where N, is the number, e is the unit of elementary charge, Dy is the per-
mittivity of the free space, D is the dielectric constant, n is the number of
moles, z.; is the charge number of ion and o is the diameter parameter.
Depending on which expression is used for dielectric constant, the Born
equation may or may not be contributed to the computation of the
properties of electrolyte solutions. Using a dielectric constant depen-
dent only on temperature, the Born equation has no effect on the
calculation of compressibility factor. In addition, because of linear de-
pendency of the Born equation to the mole number, the Born equation
contribution to the chemical potential equation vanishes.

The square-well equation of state that is composed of the Carnahan-
Starling repulsive term and a square-well potential based attractive
term [27] is expressed as

4y—3y? z
AAsy = ntRT{ —=1In
(1-y)? 2

()

where n; is the total number of moles, R is the gas constant, T is the ab-
solute temperature, z is the maximum attainable coordination number,
m is the orientational parameter, y = 7V/V, V; is the closed packed vol-

ume, V is the total volume and T = v/211/6. The following mixing rules
are used in this work,

1
m= 2 Z Z nnjmy (4)
i

w:n—?Z;ninj<exp<ﬁ> —m,»j) (5)

1
Vo= HTZ niVoi (6)
i
1
2= Z niz; (7)
4233
mjj V2 (8)

:4\/2n(1,-3j—1)

No3
Voi = \[2' )

_4V2n

z; 3 -1 (10)
With the combining rules as,
Ejj = \/Ei€j (10)
Oili+O0jAj
=TT (11)
i+ ()'j

where ¢ is the square well potential depth, o is the diameter of
the particle, and 10 is the potential range. It should be noted
that the summation is over all ionic and molecular species in
Eqgs. (4)-(7).

In electrolyte EOSs, the long range contribution of ions to the total
Helmholtz energy is often expressed by a version of MSA theory. In
this work a simple and explicit version of primitive MSA is adopted
for the electrostatic interaction of ions in the electrolyte solution
[29],

23RTV 3
AApsa = — 3nN, (1 +§0T> (]2)
r- b {\/1+2o1<—1} (13)
20
2 N2
2 €Ny 2
K = DDoRTV 2 " (19

where kis the Debye screening length, I'is the MSA screening parameter
and 0 = )_n;0;/Y_ n; where summation is over ions. For consistency,
the MSA that is derived in the McMillan-Mayer framework should be
converted to the Lewis-Randall framework, however it has been
shown that this incompatibility can be ignored [30], particularly the
present model have a number of adjustable parameters which compen-
sate the error [18]. It should be noted that the MSA model has no effect
on chemical potential of solvent molecule because the summations in
the MSA term are over ions. So the total Helmholtz energy equation
used in this work is expressed as,

+ %O’F )

) _a2
A—A" — nRT {4)1 Wz ln(
(15)

Tm—yw ) _2F3RTV<1
1—-y)* 2 Tm+y(1—m) 31N,

The fugacity coefficient of species in the electrolyte solution can be
calculated as,

res

Ing; :l;ai_r_ InZ (16)

where pis the chemical potential and Z is the compressibility factor. The
activity coefficient of species can be obtained

_ ¢i
Yion = d’ion(nion_’o) (17)

d)solvent ( 1 8)

Ysolvent =
solven Psotvent (Msolvent—1)

The mean activity coefficient of the electrolyte solution in mole frac-
tion based can be obtained using

yi= (o)t (19)
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where 7y % is the mean activity coefficient based on mole fraction and v..
and v. are the number of cations and anions, respectively. The osmotic
coefficient can be calculated as

_ ll‘l (Xsys)
o= 1ooom (20)

where M; is molecular weight of solvent and C, is molality.
3. Results and Discussion

The new electrolyte EOS is applied for representation of the mean
activity coefficient and osmotic coefficient of various strong aqueous
electrolyte solutions at 25 °C and 0.1 MPa. To do this, first, the parame-
ters of the EOS for water should be determined. The experimental data
of saturated vapor pressure and liquid density of water [31] at the re-
duced temperature of 0.44-0.94 are used to fit the parameters of the
EOS. So the values of 0.2803 nm, 909.048 K and 1.286 are obtained for
0, ¢/k and A of water, respectively. The percentage of absolute average
deviations (AADs) of the EOS for calculating saturated vapor pressure
and liquid density of water are 0.71 and 1.13, respectively.

The new eEOS has three adjustable parameters (o, €/k and A) for
each ion, so the number of fitted parameters for each strong aqueous
electrolyte is six which is high. To reduce the number of parameters,
the assumption of equality of parameters of cation and anion is used.
Thus the adjustable parameters of the new eEOS per each electrolyte
are g, €/k and A that are obtained by correlating experimental data of
the mean activity coefficient [32] of more than 130 strong aqueous elec-
trolytes. To calculate the activity and osmotic coefficients of aqueous
electrolytes at a given temperature and pressure, first the new pressure
explicit equation of state is solved numerically to obtain the liquid vol-
ume of the mixture, then the chemical potential and fugacity coeffi-
cients of all species are calculated. After that the activity and osmotic
coefficients are obtained using Eqgs. (17)-(20). The fitted parameters
and the AADs (: 100 / NPZ|,yCalculated _ ,yExperimentl /,yExperiment)
have been reported in Table 1. The overall AADs% of the new eEOS in
correlating the mean activity coefficient of 59 uni-univalent electro-
lytes, 9 uni-divalent electrolytes, 45 di-univalent electrolytes, 8 di-
divalent electrolytes and 11 tri-univalent electrolytes are 0.30, 0.25,
2.48, 1.79 and 0.50, respectively. Also Table 1 gives a comparison of
the results of the new eEOS with that of Myers et al. eEOS (MSW)
[18]. The overall AADs% of the MSW eEQS in correlating the mean activ-
ity coefficient of uni-univalent electrolytes, uni-divalent electrolytes, di-
univalent electrolytes, di-divalent electrolytes and tri-univalent electro-
lytes are 0.42, 0.24, 4.66, 1.80 and 0.32, respectively. As one can see, in
two types of electrolytes, i.e. 1:1 and 2:1, the new eEOS is better and
in 3:1 electrolytes, the MSW is more accurate. In 1:2 and 2:2 electro-
lytes, the results are the same. However, the overall AADs for all 132
electrolytes are 1.13 for the new eEOS and 1.93 for MSW. Generally
the new eEOS is more accurate than MWS eEOS [18], although both
eEOSs represent the experimental data successfully. Also included in
Table 1 are the results of the new eEOS in predicting the osmotic coeffi-
cient of various electrolytes. The overall AADs of the new eEOS in
predicting the osmotic coefficients of uni-univalent, uni-divalent, di-
univalent, di-divalent and tri-univalent electrolytes are 0.29, 0.32,
3.78,6.27 and 0.91, respectively. As one can see, the results of the new
eEOS are quite satisfactory.

Fig. 1 shows the comparison of results of the new eEOS with exper-
imental data in correlating the mean activity coefficient of four electro-
lytes. Shown in Fig. 2 are the results of the new eEOS in predicting the
osmotic coefficient of some electrolytes. As it can be observed, the
agreement of the results of the present model and the experiments is
very good. Plotted in Fig. 3 is the application of the new eEOS to corre-
late the mean activity coefficient of a number of strong aqueous electro-
lyte solutions up to saturation molalities. As it can be seen, the new eEOS
is capable to represent the mean activity coefficient at high molality as

100

104

Activity coefficient

—This work
& NayCrO4
0.1 A LiNO3
O CaBry
O MnSOy4
0.01 T T T T T T
0 1 2 3 4 5 6 7
Molality

Fig. 1. Correlation of activity coefficients of some aqueous electrolytes. Solid lines
represent the results of the new eEOS and the symbols are the experimental data [32].

2
1.84
1.64
=
@ 1.4
2
e
© 1.2
o
o
L 14
=
O  [ESeecan s s,
€ 08
v
o
0.6 ——Thiswork <& NayCrOy4
0.4 A NaNO3 O CaBry
O LaCly X U02504
02 T T T T T T
0 1 2 3 4 5 6 7
Molality

Fig. 2. Prediction of osmotic coefficients of some aqueous electrolytes. Solid lines represent
the results of the new eEOS and the symbols are the experimental data [32].

well as low molality. It should be noted that the adjusted parameters
for the electrolytes shown in Fig. 3 are different from those listed in
Table 1 because the range of molalities is different.

100

-t
c
(7
S
&=
|7}
[=]
("]
Z
2
=
Q
<
——Thiswork & AgNO;
A CsCl O HCI
O LiNO3 X NH4NO3
001 T T T T T
0 5 10 15 20 25 30
Molality

Fig. 3. Correlation of activity coefficient of some uni-univalent aqueous electrolytes up to
saturation molalities. Solid lines represent the results of the new eEOS and the symbols are
the experimental data [33].
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To examine the capability of new eEOS for the other temperatures
and pressures, four electrolytes, i.e. NaCl, NaBr, CaCl, and Na,SO,4 at tem-
perature range of 0-100 °C have been chosen and listed in Table 2. The
following temperature dependency is adopted for the eEOS parameters,

o(org/korN) = ap + a;(T—298.15)
+az (T In <29£;'15) + (T—298.15)> (21)

The adjusted coefficients of Eq. (21) and the results of the eEOS in
calculating activity coefficient, osmotic coefficient and solution density
have been listed in Table 3 for four aqueous electrolytes. The parameters
of eEOS for NaCl and NaBr solutions have been obtained during correlat-
ing experimental data of both mean activity coefficient and solution
density. Thus the AADs% of the eEOS in correlating mean activity coeffi-
cients of these electrolytes are higher than those reported in Table 1. It
should be noted that the results are still satisfactory and show the
good qualification of the new eEOS for representation of the experimen-
tal data at high temperatures. Fig. 4 shows the results of the eEOS in cor-
relating density of aqueous NaCl at temperatures of 303, 353 and 373 K
and pressure 1 bar. Plotted in Figs. 5 and 6 are the results of the new
eEOS in predicting the density and the mean activity coefficient, respec-
tively, of aqueous NaCl at temperatures of 303, 353 and 373 K and pres-
sure 200 bar. Fig. 7 shows the correlation of the mean activity
coefficients of aqueous NaBr, CaCl, and Na,SO,4 at 273 K. The predictions
of the osmotic coefficients of four aqueous electrolytes at temperature
273 K are represented by Fig. 8. As one can see, the new eEOS has
been successfully applied for representation of activity coefficient, os-
motic coefficient and density of the electrolytes at a temperature
range of 0-100 °C.

4. Conclusions

A new electrolyte equation of sate was introduced for electrolyte so-
lution that is applicable over wide ranges of composition, temperature
and pressure. Itconsists of four terms: the Carnahan-Starling repulsive
term, a square-well potential based attractive term, an explicit Mean
Spherical Approximation theory (MSA) and the Born term. However,
in this work, the Born term vanishes in pressure and chemical potential
equations because of the dependency of the dielectric constant on tem-
perature only. Correlation of mean activity coefficient and prediction of
osmotic coefficient of 132 strong aqueous electrolyte solutions at 25 °C
and 0.1 MPa were carried out successfully by the new eEOS. It is also

Table 2
The properties, temperature and molality ranges of various electrolytes used in this study

Electrolyte Property Molality/mol-kg~! Temp/°C Ref.
Nacl Y, b, p 0.1-6 0-100 [34]
NaBr Y, b, p 0.1-8 0-100 [35]
CaCl, v, b 0.001-9 0-100 [36]
Na,S04 v, ¢ 0.1-3 0-100 [37]

Note: ¢, osmotic coefficient; vy, activity coefficient; p, density.
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Fig. 4. Correlation of densities of aqueous NaCl at different temperatures and pressure
0.1 MPa. Solid lines represent the results of the new eEOS and the symbols are the
experimental data [34].
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Fig. 5. Prediction of densities of aqueous NaCl at different temperatures and pressure
20 MPa. Solid lines represent the results of the new eEOS and the symbols are the
experimental data [34].

capable to correlate the activity coefficient of some electrolytes up to
saturation molalities. Moreover the extension of the new eEOS for cor-
relation and prediction of mean activity coefficient, osmotic coefficient
and solution density of some aqueous electrolytes at a temperature
range of 0-100 °C and pressures up to 20 MPa was done with satisfacto-
ry results. The results demonstrate that the new eEOS is capable for
good representation of the studied thermodynamic properties of aque-
ous electrolyte solutions at a wide range of temperatures, pressure and
composition.

Table 3

The coefficients of temperature dependent parameters of the present model and the percent of absolute average deviations from experimental data for different aqueous electrolytes
Electrolyte o/m (e/k)/K A AAD/%

ao ar x 10° a; x 10° ao a a; ao ar x 10° a x 10° p Y ¢

NaCl 2.880 —3.837 —10.142 615.74 —2.5085 —5.3982 1.560 —1.507 —8.988 0.93 298 1.81
NaBr 3.743 —2.655 —0.034 659.46 —1.5278 1.3141 1.696 —2.069 —3.541 3.94 2.03 1.13
CaCl, 5.095 —18.109 —71.123 609.38 —1.2708 —2.1076 2.087 —5.493 —15.260 - 491 2.19
Na,S04 4216 —4.837 —12.358 774.42 0.9333 0.2929 1.873 —4.538 —12.654 - 0.65 0.96

Note: 0, size parameter; &/k, square-well potential depth; A, square-well potential range; ¢, osmotic coefficient; vy, activity coefficient; p, density; ap—as, coefficients in Eq. (20); AAD = 100/

Np X2 |X — X / X, X, ¢, y or p.
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Activity coefficient

Fig. 6. Prediction of activity coefficients of aqueous NaCl at different temperatures and
pressure 20 MPa. Solid lines represent the results of the new eEOS and the symbols are
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Fig. 7. Correlation of activity coefficients of some aqueous electrolytes at temperature
273 K. Solid lines represent the results of the new eEOS and the symbols are the
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Nomenclature

A
a;
Cm
D
e
k
M;
m
N

Na
Np
n;

NS s S<~==7v3

total Helmholtz free energy, ]-mol !
coefficients in Eq. (20)

molality, mol-kg ™!

dielectric constant of solution

electronic charge (1.60219 x 10712 C)
Boltzmann's constant (1.38066 x 10~ 23].K~1)
molecular weight of solvent, g-mol~!
orientational parameter defined in Eq. (8)
total number of molecule

Avogadro’s number (6.02205 x 10> mol™')
number of data point

number of mole of component i

total number of mole (mol)

pressure,Pa

gas constant (8.314 ]-mol~-K™1)
temperature, K

volume, m>

close-packed volume defined in Eq. (9), m
a function of temperature defined in Eq. (5)
packing fraction

compressibility factor
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Fig. 8. Predictions of osmotic coefficients of some aqueous electrolytes at temperature
273 K. Solid lines represent the results of the new eEOS and the symbols are the
experimental data [34-37].

z maximum coordination number
Zei charge number of ionic species i
r MSA screening parameters, m~ !
Y activity coefficient

€ square-well potential depth, |

£ vacuum permittivity (8.85419 x 10~ 2 C2.]=!'.m™1)
K Debye screening length,m ™!

A square-well potential parameter
u chemical potential, J-mol "

0 density, kg-m—3

o size parameter, m

T constant (0.7405)

v stoichiometric number

o] osmotic coefficient

© fugacity coefficient

Subscripts

e electrolyte

MSA Mean Spherical Approximation theory
SwW square-well

s solvent

+ cationic property of electrolyte
- anionic property of electrolyte
+ mean ionic property of electrolyte
Superscripts

cal calculated properties

exp experimental properties

id ideal gas

m molality scale

res residual properties

X mole fraction scale
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