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Abstract—The explicit version of the mean spherical approximation (MSA) is added to the SAFT-HR equation of
state (EoS) to model aqueous alkali halide solutions. The proposed electrolyte equation of state (eEoS) has two par-
ameters per each ion. Two methods are in common use for calculating ion parameters: ion-based and salt-based. In
this work, the electrolyte parameters are obtained for 61 single electrolyte solutions using salt-based method. Using
this approach, mean ionic activity coefficients of the 61 aqueous electrolyte systems were modeled with overall average
absolute relative percent deviation (AAD%) of 3.91. Also, for testing the ability of the model in terms of ionic par-
ameters, six salts (NaCl, NaBr, Nal, KCI, KBr and KI) were studied using ion-based method. The liquid densities, os-
motic coefficients and salt mean ionic activity coefficients of 6 aqueous electrolyte solutions were modeled with overall

AAD% of 0.68, 2.28 and 0.96, respectively.
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INTRODUCTION

Due to the presence of electrolyte-containing solutions in many
industrial processes, detailed examination of the behavior of such
systems, under different conditions of pressure and temperature, is
under investigation by many researchers. In many chemical pro-
cesses, such as acid gas elimination by aqueous solutions of alkano-
lamines, extractive distillation, enhanced oil recovery, desalination,
hydrometallurgy and production of fertilizers, a detailed understand-
ing of the phase equilibria of systems containing electrolytes is needed
and, hence, accurate models to describe their thermodynamic prop-
erties are required. The existing models could be classified into two
categories: activity coefficient models and equations of state (EoS)
[1]. All these models commonly combine the Debye-Huckel (DH)
or the mean spherical approximation (MSA) models to account for
electrostatic interactions combined with an activity coefficient or EoS
model that represents the short-range interactions [2]. MSA has two
forms: the primitive (PM) [3] and the nonprimitive (NPM) [4]. In the
PM model, the solvent is not defined by a molecularly realistic repre-
sentation, and it is assumed to be a continuous medium through its
dielectric constant. If the ions have equal diameters, the approxima-
tion is referred to as the restricted primitive model (RPM). In the NPM
model, the solvent has a molecularly more realistic definition. Fig. 1
shows the MSA ideas for RPM, PM, and NPM models [5].

The advantages of activity coefficient models are their relative
simplicity and their high precision for various electrolyte solutions.
However, the inability to calculate the density of the solution and
being pressure-independent [6] are their weaknesses. Some of the
well-known models in this category are NRTL [7], Pitzer [8], and
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Fig. 1. Mean spherical approximation of aqueous electrolytes: re-
stricted primitive model (left), primitive model (middle) and
nonprimitive model (right), where D is the solvent dielec-
tric constant and the small shady circles are solvent mole-
cules [5].

NRTL-NRF [9]. Since electrolyte EoS models (eEoS) do not have
these weaknesses they are usually preferred for phase equilibrium
calculations. Numerous eEoSs are proposed in the literature for elec-
trolyte solutions. Planche and Renon [10] developed an eEoS con-
taining a hard sphere, an attractive and an implicit MSA contribution
[3,4]. Myers et al. [11] developed an eEoS which uses a volume
translated Peng-Robinson EoS combined with explicit MSA and
the Born term. Clarke and Bishnoi [12] used modified Peng-Robin-
son EoS coupled with simplified MSA and a specific term to account
for solvation effects. Haghtalab and Mazloumi [6] used electrolyte
cubic square-well EoS [13] coupled with explicit version of MSA to
predict the mean ionic activity coefficient of strong aqueous elec-
trolyte solutions. In recent years statistical associating fluid theory
(SAFT) [14] family of EoS is very popular. To extend the SAFT
EoS to electrolyte solutions, usually the MSA model is employed
to consider the electrostatic interactions [5]. Galindo et al. [15] and
Villegas et al. [16] used the RPM model to account for long-range
columbic ion-ion interactions and SAFT-VR EoS for long-range
water-water and ion-water attractive interactions. Tan et al. [17] used
SAFT1 EoS [18] coupled with RPM to calculate the mean ionic
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activity coefficient, density, osmotic coefficient, and vapor pressure
of some aqueous alkali halide solutions. Ji et al. [19] extended the
SAFT1-RPM model [17] for representing multiple-salt solutions
in water. Tan et al. [20] and Ji et al. [21] applied SAFT2 EoS [20]
to multivalent ions by relaxing the range of the square-well width
parameter. Liu et al. [22] coupled the NPM term with SAFT-0 EoS
[23], in which a low-density expansion term of NPM is used to ac-
count for solvent-solvent and ion-solvent associations. Behzadi et
al. [24] applied the PM model to Yukawa SAFT-VR EoS to model
seven hydrogen-bonding solvents and 23 electrolyte solutions. Zhao
et al. [25] proposed an NPM term to be coupled with SAFT-VR+D
EoS [26] to account for ion-dipole, dipole-dipole and ion-ion inter-
actions. Held et al. [27] used the ePC-SAFT EoS proposed by Cam-
eretti et al. [28] to describe thermodynamic properties of several
aqueous electrolyte solutions. Herzog et al. [29] used an NPM term
coupled with PC-SAFT EoS to model completely dissociating aque-
ous alkali halide systems. Shahriari et al. [30] used the MSA model
coupled PC-SAFT EoS for thermodynamic modeling of aqueous
ionic liquid solutions.

In this work, to consider the electrostatic interactions between
charged particles, the explicit simple version of MSA model [6] is
coupled with SAFT-HR EoS [31,32] proposed by Huang and Radosz.
Only two parameters are used to characterize each charged parti-
cle. The first one is the temperature-independent segment volume
(W), and the second one is the temperature-independent disper-
sion energy of interaction between segments (u’/k;,). The parame-
ters can be obtained using two approaches, ion-based or salt-based.
Both of these methods are used in this work for parameter estima-
tion. The new set of parameters is able to reasonably describe the
mean ionic activity coefficient of about 61 electrolyte systems.

THEORY

SAFT is an approach to describe associating fluids with Wertheim’s
theory [33-35]. In contrast to a chemical theory, which assumes hypo-
thetical chemical reactions in the fluid, SAFT and other methods
based on statistical mechanics, relate molecular association to inter-
molecular interactions and are thus considered as a physical approach.
The advantage of such physical theories is that they can be tested
against molecular simulation results. We have applied SAFT-HR
[31,32] to account for short-range forces and the explicit simple
version of MSA for long-range interactions between ions in elec-
trolyte solutions. We have called the model as eSAFT-HR EoS.

1. SAFT-HR Equation of State

The SAFT-HR EoS [31,32] is used to describe the non-electro-
static interactions between non-charged and charged molecules in
electrolyte solutions, which in terms of the residual Helmholtz energy
is presented as follows:

Ares B Ahs . Adisp . Achain . Aassoc
NyksT N kT NykpT NkpT N, k,T

A,N,, and T are the Helmholtz energy, Avogadro’s number, Boltz-
mann’s constant and temperature, respectively. Superscripts res, hs,
disp, chain and assoc denote residual, hard-sphere, dispersion, chain
and association contributions, respectively. Details of the non-clec-
trostatic terms are given in the original work of Huang and Radosz
[31,32]. This EoS, in terms of Helmholtz energy, is introduced in
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Appendix A.
2. The eSAFT EoS

The electrostatic contribution due to the interactions between ions
(A™) is considered using a explicit simple version of MSA model
[36], given by Egs. (2) to (5), which is added to the right hand side
of Eq. (1).
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where /1) p, &, X, Z;, G, &, R and v are the MSA screening par-
ameter, molar density, the Debye screening length, mole fraction
of component i, charge number of ionic species i, diameter of ionic
species 1, vacuum permittivity, gas constant and molar volume, respec-
tively. D is the dielectric constant of the solution and is assumed to
be equal to the dielectric constant of water which is calculated from
the following expression [37]:

D:—I9.291+2——9§—lé —-0.019678xT

+1.3189x10 X T*~3.1144x 107" x T’ ©)

A combination of Egs. (1) and (2) constructs the eSAFT EoS in
terms of the Helmholtz energy. Compressibility factor and chemi-
cal potential are obtained from the following thermodynamic rela-
tions:
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Using Egs. (7) and (8), the compressibility factor and the chemical
potential due to electrostatic interactions are obtained as follows:
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In the above equations e is the unit of elementary charge. The
fugacity coefficient of component i in a mixture is obtained from:

Ing=14*~InZ (11)

The ion and solvent activity coefficients are calculated from:
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Subscript s refers to solvent. Then, the mole fraction based mean
ionic activity coefficient can be obtained as:

v,y (v+v)

7= (14)

where y is the mean ionic activity coefficient on mole fraction
basis, v, and v are cation and anion stoichiometric coefficients,
respectively. The osmotic coefficient (@") can be calculated from:

In(x%)

m) _ _
@™ =-1000 A

(15)
where M, is the molar mass of the solvent and m, is the molality
of electrolyte.

RESULTS AND DISCUSSION

1. Pure Water

Since water is the main constituent of electrolyte solutions, any
thermodynamic model for these solutions must be able to predict
the properties of pure water, especially the liquid density due to its
direct effect on ion parameters.

Following Huang and Radosz [31,32] we have considered water
to have three association sites. Consequently, five parameters are
needed to describe the properties of water: the chain length num-
ber (m), temperature-independent segment volume (1), tempera-
ture-independent dispersion energy of interaction between segments
(u’/k,), the volume of association (k%) and the energy of associa-
tion (&£*#). Huang and Radosz [31] fitted these parameters for water
in the temperature range of 283-613 K. The same parameters, that
are presented in Table 1, are used in this work.
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Table 1. SAFT-HR parameters for pure water in the temperature
range of 283-613 K [30]

Parameters
m wky/K  v®/mL-mol”  &"¥/k,/K K
0.01593 1809 10.0 528.17 1.179

2. Ion Parameters

Two methods are commonly used for calculating ion parameters
in modeling electrolyte solutions: ion-based and salt-based [38]. In
the ion-based method, the ion parameters are transferable among
the same ions in different salts, while in the salt-based method salt
parameters are unique to specific salts. In this work, to estimate the
ion parameters using the salt-based method, the mean ionic activ-
ity coefficient data of 61 electrolyte solutions are correlated using
eSAFT-HR EoS at 25 °C and 1 bar. The model has two adjustable
parameters for each ion (V*° and u’/k) which are obtained using the
following objective function:

m,exp m,call

OF= |}/i—7/i (16)
- in,ew
where
yx
rit= - a7

T 14+0.001 (v, + v)m, M,

ymer g med gre, respectively, the experimental and calculated mean
ionic activity coefficients based on molality scale and y: is calcu-
lated from Eq. (14). The optimal values of v** and u’/k, for each

Table 2. The optimized parameters of the eSSAFT-HR EoS using salt-based method and comparison of the results with other eSAFT EoS

models
Salt M, Vewin!  Vewor!  Keaind (UK i/ AAD'’ %
mol-kg™' ml-mol”" ml-mol™ K K This work Liu etal. [38] Herzog et al. [28] Held et al. [26]

HCI 6 99.018  1.078 554.031  2354.306 2.58 3.07 9.8
HBr 3 81.800  3.657 627.817  1046.279 0.91 2.86 9.28
HI 3 29.603  63.771 776.682  608.326 0.93 3.03 5.32 2.56
HNO, 3 35133 42.880 648.597  564.729 0.46 2.18 6.87
HCIO, 6 22505 112.177  620.178  526.765 435 0.63 9.02
LiCl 6 55559 1.969 1008.175 258.118 3.19 3.07 8.43 9.79
LiBr 6 59.181 1.758  1041.370 173.780 4.88 1.67 441 3.52
Lil 6 36.175  29.472 1093.056  626.063 1.39 0.50 3.47 4.49
LiNO, 3 51453 1.879 1155949  296.885 1.41 2.45 1425
LiClO, 4 9324  61.561  703.611 788.575 1.44

NaF 1 10205  43.116  625.930  2017.553 0.07 3.65 5.51 2.38
NaCl 6 35496  9.626  733.241 813.743 1.38 2.71 5.00 343
NaBr 4 20274  28.714  726.079  699.965 0.60 2.02 2.36 1.75
Nal 35 18.537  32.115  655.628  1078.375 0.67 2.05 4.98 137
NaNoO, 6 31,730 39.087  531.091 541.510 0.33 1.73 1.99
NaClO, 6 10.620  32.844 1096.464  960.204 1.12 0.82 14.14
NaClO, 35 29901 39337 570.839  534.822 0.45 1.54 2.14
KF 4 37286  6.857 769.454  666.606 0.52 3.37 3.26
KCl 5 24888 15395 655209  560.228 0.52 2.10 3.35 2.38
KBr 55 17774 25367 593330 621213 0.53 221 3.78 1.78

Korean J. Chem. Eng.(Vol. 31, No. 12)
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Table 2. Continued

Salt M Vi) V! WK wid  (WK)id AAD’ %
mol kg™ ml-mol”" ml-mol™ K K This work Liuetal. [38] Herzogetal. [28] Held et al. [26]

KI 45 19306  34.535 733.579  552.908 0.53 1.66 2.85 1.44
KNO, 35 8461 38995 1070.281 489.531 0.32 0.87 2.28
KCIO, 0.7 14432 36780 517.939  507.996 0.51 1.69 0.96
RbF 0.2 11233 40.080 757.842  772.605 0.04 434 3.00 6.7
RbCl 5 9792 23.738 847.966  742.502 0.27 131 4.87 1.35
RbBr 5 15.158  18.150 977.839  787.070 0.23 1.46 4.20 1.89
RbI 5 10303 21.958 918.667  694.621 0.26 1.88 9.17 33
RbNO, 45 10.791 1307  602.811  1040.550 0.40 1.82 2.92
CsF 0.2 7951 82940 465372  2890.742 0.13 3.50 3.11 6.39
CsCl 6 31.091  0.656  929.528 109.054 0.38 1.17 7.94 1.91
CsBr 5 2741 31103 222950  968.618 0.29 1.26 7.39 2.56
Csl 3 4106  23.606 654.113 826.272 0.12 031 6.81 4.66
CsNO, 1.4 12.088  70.675 541.179  623.145 0.13 1.51 3.68
CaCl, 3 81.627  20.734  629.9855  988.850  13.15 26.11
CaBr, 4 50.627  47.518  635.6928  812.364 6.63 1831
Cal, 2 25394  56.548  739.5189  1046.411 1.91 10.15
BaCl, 1.8 52233 58.584  513.4519  657.789 8.98 5.68
BaBr, 2 51.192  44.834 1024.781 457.384 741 6.47
Bal, 2 22474 56328  953.1443  1478.862 723 9.46
K.CrO, 1 65921 25649 4863744 1141.642 6.00

Na,SO, 4 30.848  62.554 5353663  504.340 5.95 32.63
Na,CrO, 4 57.658  18.394 5504072  589.937 8.71

MgCl, 5 95265  27.752  558.1807  889.834 8.23 11.08
MgBr, 5 72706 41467  773.0217  654.512 7.93 13.43
Mgl, 5 50242 51.786  769.7411  861.667 8.64 47.18
SrCl, 4 54.870  43.669  463.7234  1107.888 6.04 11.05
StBr, 2 62.199 43495 476.7357 1019.464 6.21 11.91
Stl, 2 67388  48.961 483.5388  978.462 6.83 11.26
CuBr, 0.2 66.037 47486 767775  1005.604 5.58 18.38
CuCl, 6 28.787  46.834 435345 1137492  10.18 19.52
Cu(NO;), 3 25363 42363 593.322  1632.623 8.72 32.96
Cu(Clo,), 0.2 50215  61.144 832.148  1106.710 5.80 25.66
FeCl, 1 49305  64.802  533.920  710.927 6.88 7.13
NiCl, 1 46.183 70938  533.642  700.509 6.79

Ni(NO3), 0.2 33280 101.211  545.175 696.951 4.77

NiBr, 0.2 53480  98.804  544.493 713.044 4.96

Ni(CLO,), 0.2 60.840 135.585  585.953 621.667 5.45

CoCl, 4 47.834  63.033  534.841 701.709 6.78 12.10
CoBr, 5 53.505 54151 782410  684.073  10.20 8.55
Col, 4 43927 67409 625527 801.146  10.90 10.62
Co(NOy), 5 52.193 58464  547.541 688.584 8.80 15.92

‘m,,,. is the maximum molality of the salt in electrolyte solution
mexp m,cal

*AAD% =15 Lo 100
i }/i’

ion of a salt are listed in Table 2. Moreover, Table 2 gives the com-
parison of the results of this work with that of Liu et al. [39] who
used the NPM MSA model coupled with SAFT EoS [14] for cal-
culating mean ionic activity coefficients of 46 single 1 : 1 electrolytes.
In their work they considered cation and anion diameters as adjust-
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able parameters for each electrolyte. Based on the overall AAD%
observed in Table 2, the results of eSAFT-HR EoS show better agree-
ment with experimental data than the results of Liu et al. [39], in
which the maximum electrolyte concentration is 3.0 mol/kg for each
aqueous electrolyte solution. In this work, in most cases, the maxi-
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mum electrolyte concentrations are higher than 3 mol/kg. It can be
seen that for 84.85% of the electrolytes considered, eSAFT-HR EoS
presents more accurate results in comparison to the results reported
by Liu et al. [39]. As mentioned in the introduction section, Herzog
et al. [29] used a semirestricted NPM model in combination with
the PC-SAFT EoS for aqueous electrolyte solutions. They used ePC-
SAFT EoS for correlation of the mean ionic activity coefficients of 19
binary aqueous electrolyte solutions at 25 °C. Held et al. [27] used
the ePC-SAFT EoS proposed by Cameretti et al. [28] to describe
the mean ionic activity coefficients of 115 aqueous electrolyte solu-
tions. The results of this work are also compared with the results of
Herzog et al. [29] and Held et al. [27] in Table 2. As can be seen,
the AAD% of our model for 74.42% of the electrolytes considered
is less than the AAD% of Held et al. [27]. Also, for 94.74% of elec-
trolytes the new eEoS is more accurate than the results of Herzog
etal. [29].

As may be concluded from the above comparisons, the explicit
simple version of MSA model, used in this work, has produced more
accurate results in comparison with the NPM MSA model used by
Liu et al. [39] and Herzog et al. [29]. In the PM MSA model, only
the electrostatic interactions between ions are considered and the
ion-solvent and solvent-solvent interactions are accounted for via
the solvent dielectric constant (D) in the electrostatic term. In the
NPM MSA model, the solvent molecules are treated as interacting
particles. Lu et al. [40] used the modified PM MSA model to cor-
relate the mean ionic activity coefficients of 85 single-electrolyte
solutions. They showed that the modified PM MSA model gives
smaller deviations in comparison to the NPM MSA. The NPM MSA
model is not suc- cessful for asymmetric electrolytes [41]. Li [42],
by comparing the PM MSA and the NPM MSA models, concluded
that the PM MSA is more accurate and simpler for practical use.
Maybe the values of the radial distribution function for cation-cation
with large size difference become negative, which is an unphysical
feature of the NPM MSA approach [43]. Also, Lee [43] showed
that the short-range electrostatic term of the NPM MSA always has

3.5

2.5

1.5

mean ionic activity coefficient
[+

0.5
0 1 2 3 4 5 6

molality of salt (mol/kg)

Fig. 2. The mean ionic activity coefficients of aqueous solutions of
halogen halides at 298.15 K, the data: [39]. HCI: +, HBr:
O, HI: O, eSAFT-HR EoS: line.

a negative contribution, while the corresponding part of Pitzer’s
formulation is positive. The success of Pitzer’s correlation strongly
suggests the desirability of a positive electrostatic contribution. More-
over, replacing RPM by PM does not improve the EoS performance
[5]-

It is observed in Table 2 that the eSAFT-HR EoS has performed
well in modeling the mean ionic activity coefficient for the major-
ity of the electrolyte solutions. For better presentation of the results,
the calculated mean ionic activity coefficients of a few electrolyte
solutions are depicted in Figs. 2-4, which show that the results of the
new EoS are in good agreement with the experimental data. Fig. 2
shows the calculated mean ionic activity coefficients of HCL, HBr
and HI electrolyte solutions at 25 °C. The results for HCI show that

0,9;
0.3'\L

0.7

mean ionic activity coefficient

0.6

0.5
0 1 2 3 4 5 6

molality of salt (mol/kg)

Fig. 3. The mean ionic activity coefficients of aqueous solutions of
four sodium salts at 298.15 K, the data: [39]. NaF: <, NaCl:
+, NaBr: [0, Nal: O, eSAFT-HR EoS: line.

mean ionic activity coefficient
[+

08'%
0.6

0.4
0 1 2 3 4 5

molality of salt (mol/kg)

Fig. 4. The mean ionic activity coefficients of aqueous solutions of
five iodide salts at 298.15 K, the data: [39]. Lil: (1, Nal: 5,
KI: O, RbI: +, CsI: A, eSAFT-HR EoS: line.
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at concentrations less than 4 mol/kg the estimated values of the mean
ionic activity coefficients are obtained with high accuracy. How-
ever, at concentrations above 4 mol/kg the estimated values of the
mean ionic activity coefficient are lower than the experimental val-
ues. The reason is that the non-idealities of electrolyte solutions in-
crease with increasing electrolyte concentration. As can also be seen
in Fig. 2, mean ionic activity coefficient values first decrease and
then, after reaching a minimum, increase with increasing the salt
concentration. This phenomenon is an evidence of extensive hydra-
tion [44]. In the case of HBr and HI at concentrations up to 2.5 mol/
kg the values of the mean ionic activity coefficient are obtained with
excellent accuracy. In Fig. 3, the hydration of F-, CI', Br” and I" is com-
pared. The following sequence is observed: 7" v > 7"t vas V" nact
>"} xa» Which shows the salt with the smallest anion has the mini-
mum mean ionic activity coefficient, and as the size of the anion
increases the mean ionic activity coefficient increases. A probable
description for this reverse behavior is the so-called localized hydrol-
ysis [45]. A strong proton acceptor anion (like F~) will “dock” at
the hydration shell to form an acid with the respective proton. As a
result, the water molecule is split up to form the acid of the anion
and the hydroxide of the cation:

Cation'...OH —H+F —Cation"...OH +H".. .F

As a result, the efficient number of the ions in the solution is de-
creased. Decreasing the number of ions leads to decreasing the mean
ionic activity coefficient values. Another interesting effect can be
observed for the alkali metal iodides shown in Fig. 4, which also
shows the hydration of ions. As can be seen in this figure the fol-
lowing result is achieved:

m m m m m
V1> Ve Nar™ Ve k17 Ve jor” Vs, 051

Indeed, the smallest alkali cation has the highest surface charge
density and is highly hydrated. Strong hydration results in high mean
ionic activity coefficient values. The calculation results with eSAFT-
HR EoS for the mean ionic activity coefficient series in Fig. 4 follow
the similar trend as the experimental data with very good accuracy.

For testing the potential of the model in terms of the ionic par-
ameters, six salts (NaCl, NaBr, Nal, KCI, KBr and KI) have been
studied using ion-based method. In this method the ion parameters
are adjusted by simultaneous regression of experimental data on
liquid solution densities and mean ionic activity coefficients. The fol-
lowing objective function is used for adjusting ion-specific parameters:

N N[ e\ (e a2
OFZZK}/ — ] +(” e ﬂ (1)
i=1j=1 v o; '

N, and N,, are the number of the electrolyte solutions and the num-
ber of data points for each solution, respectively. Experimental data
on electrolyte solutions’ density have been used from Novotny and
Sohnel [46], and the mean ionic activity coefficient data are taken
from Robinson and Stokes [44]. To minimize the mentioned objec-
tive function, ten parameters have been adjusted simultaneously.
The Nelder-Mead simplex method is used for the optimization algo-
rithm [47]. The results are presented in Table 3. It is observed that
the proposed model is able to correlate the mean ionic activity co-
efficients and liquid densities of alkali halide electrolyte solutions
with suitable accuracy. According to the results the minimum and
maximum AAD% for liquid density are 0.11 and 1.31, and for mean
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Table 3. Ion parameters obtained for eSAFT-HR EoS using ion-
based method and the AAD% of the mean ionic activity
coefficient (), osmotic coefficient ( <D(m)) and solution
density (p) at 298.15 K and 1 bar

Parameters AAD%"
Ton vy . Salt mg}’i’i/ y . o
ml-mol” " /K & o @

NaCl 6 131 1.51 259
Na" 32.593 1498.122 NaBr 4 085 159 227
K" 26971 1251944 Nal 35 0.67 093 2.39
CI 13937 416.537 KCI 5 0.55 061 223
Br  15.031 415.851 KBr 5.5 0.59 059 221
I 17.534  353.855 KI 45 0.11 054 197

Average 0.68 0.96 2.28

“Average absolute relative percent deviation (AAD%)

1&calc—exp

= %100
exp

Ni=1
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100048
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Fig. 5. Comparison between the correlated and experimental lig-
uid density for aqueous solutions of three potassium salts
at 298.15 K. Experimental data [41]: KCI: +, KBr: (1, KI:
O; eSAFT-HR EoS: line.

ionic activity coefficient are 0.54 and 1.59, respectively. It is also
observed that the dispersion energy parameter of anions and cat-
ions decrease with increasing their diameter. The reason is that with
increasing the size of the ions, their charge density decreases and
thus their interaction with each other and with the solvent molecule
is weakened. Using the parameters summarized in Table 3, liquid
densities are calculated. As a typical example, Fig. 5 shows the cal-
culated liquid densities of KCI, KBr and KI electrolyte solutions
compared to experimental data. Good agreement between the cal-
culated and experimental data is evident.

To further check the accuracy of the model, osmotic coefficients
of NaCl, NaBr, Nal, KCI, KBr and KI electrolyte solutions are cal-
culated and given in Table 3. As a typical example, Fig. 6 shows
the calculated osmotic coefficients of NaCl, NaBr and Nal electro-
lyte solutions compared to experimental data. As can be seen, the
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osm otic coefficient
= o =
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molality of salt (mol saltkg solvenf)

Fig. 6. Comparison between the correlated and experimental os-
motic coefficient for three sodium salts at 298.15 K. Exper-
imental data [39]: NaCl: +, NaBr: (1, Nal: O; eSSAFT-HR
EoS: line.

experimental data are modeled with high accuracy even at high salt
concentrations of up to 6 mol’kg. The results of Table 3 show that for
NaCl, NaBr, Nal, KCl, KBr and KI electrolyte solutions the AAD%
for the osmotic coefficient is 2.28.

The ionic diameter is also calculated by the following equation
using the parameters of eSAFT-HR EoS and the results are com-
pared with the crystal diameter:

67 o0\
o= (NA 14 )
where 7=0.74048. The results are given in Table 4: the adjusted
diameters of the cations are larger than the corresponding crystal
diameters, while for anions no significant difference is observed.
This result is an indication of the strong hydration capacity due to
high charge density of cations.
Tan et al. [17] have developed an e-SAFT EoS extension of their
SAFT variant, called SAFT1. They used the RPM version of MSA.

(19)
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Table 4. Comparison between calculated ion diameters using
eSAFT-HR EoS and Crystal diameters

Ion oA Crystal diameters [37]
Na' 4.25 1.98
K" 3.99 2.66
CI 3.20 3.60
Br- 3.28 3.89
I 3.45 4.12

The parameter estimation was the novelty of their approach. They
have developed a hybrid approach using ion-specific parameters
with three adjustable parameters: ion segment dispersion energy,
ion segment volume and the range of the square-well potential. In
Table 5 the AAD% for liquid density and mean ionic activity coeffi-
cient of SAFT1 EoS are 0.39 and 0.31, respectively.

Ji et al. [48] developed SAFT2 EoS, which is based on a hybrid
approach for the parameter calculation of ions. In SAFT2 EoS, a
new dispersion term is developed because the range of the square-
well width parameter is relaxed. Each ion has four parameters: ion
segment dispersion energy, ion segment volume, reduced well range
for square-well potential and effective diameter. Results of this model
are also presented in Table 5.

In addition to the works of Tan et al. [17] and Ji et al. [48], the
present ion based model is compared with the works of Herzog et
al. [29] and Held et al. [27] in Table 5. As can be seen from this
table, the AAD% for liquid density and mean ionic activity coeffi-
cient of this work are 0.68 and 0.96, respectively. The error values
calculated by the present model are comparable with other models
and in some cases, the error is even less. For example, for all the
six salts the AAD% of mean ionic activity coefficient of this work
is less than the work of Herzog et al. [29]. The AAD% of mean
ionic activity coefficient of our model for 66.67% of electrolytes is
less than that of the work of Held et al. [27]. However, for predic-
tion of density the new eEoS is less accurate than the results of Held
et al. [27]. The result of Tan et al. [17] is better than the results of
this work with more adjustable ionic parameters. Compared with
the work of Ji et al. [48], for prediction of density, the new eEoS is

Table 5. AAD% of the calculated density (o) and the mean ionic activity coefficient (y.) of the eSAFT-HR EoS using ion-based method
and four different models based on the SAFT equation of state

This work Herzog et al. Held et al. Tan et al. Jietal
(SAFT-HR) (PC-SAFT) (PC-SAFT) (SAFT 1) (SAFT2)
[28] [26] [17] [42]
Nu.mb.er of adjustable ) ) ) 3 4
1onic parameters

Salt p s p 7 p 7e p i p Vi
NaCl 1.31 1.51 - 5 0.74 3.43 0.38 0.55 0.47 0.41
NaBr 0.85 1.59 - 2.36 0.46 0.25 0.35 0.52 1.75 1.03
Nal 0.67 0.93 - 4.98 0.45 1.14 0.29 0.34 1.37 0.52
KClI 0.55 0.61 - 3.35 0.38 0.63 0.48 0.18 2.38 0.49
KBr 0.59 0.59 - 3.78 0.32 0.31 0.45 0.08 1.78 0.56
KI 0.11 0.54 - 2.85 0.57 0.74 0.37 0.17 1.44 0.16

Average deviation 0.68 0.96 - 3.72 0.49 1.08 0.39 0.31 1.53 0.53

Korean J. Chem. Eng.(Vol. 31, No. 12)
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more accurate with fewer adjustable ionic parameters.
CONCLUSION

SAFT-HR EoS has been coupled by explicit simple version of
MSA model to account for the electrostatic interactions between
charged ions for 61 single electrolyte solutions. For this purpose two
adjustable parameters have been employed for each ion. The model
parameters were obtained using two methods, ion-based and salt-
based. In the ion based approach, the obtained parameters are uni-
versal and can be used for different salts containing the same ions.
In this work, the ion-based approach has been utilized for six salts:
NaCl, NaBr, Nal, KCI, KBr and KI. With this approach, liquid den-
sities, osmotic coefficients and salt mean ionic activity coefficients
of six aqueous electrolyte solutions were modeled reasonably with
overall AAD% of 0.68, 2.28 and 0.96, respectively. Also the salt-
based approach was used to obtain 61 salts ionic parameters. By
this approach, salt mean activity coefficients of 61 aqueous electro-
lyte systems were modeled with overall AAD% of 3.91.

LIST OF SYMBOLS

: Helmholtz energy

: dielectric constant of solution

: electronic charge (1.60219x10-19 C)

: Boltzmann’s constant (1.38066x10 J K™)

: the chain length number

: molality of electrolyte [mol kg™']

: molecular weight of solvent [g mol™']

: total number of mole [mol]

: Avogadro’s number (6.02205x% 107> mol ™)

: gas constant (8.314 Jmol ' K™")

: absolute temperature [K]

: temperature-independent dispersion energy of interaction be-
tween segments [K]

: molar volume [m® mol™']

: temperature-independent segment volume [mL mol™']

: mole fraction of component i

: compressibility factor

: charge number of ionic species i

EBZr°c o>

= 3wz

1=
S

N NX < <

Greek Letters

I :MSA screening parameters [m™']

y  :activity coefficient

&  :vacuum permittivity (8.85419x10°> C*J'm™")
&% energy of association [J]

o, :diameter of ionic species i

@  :fugacity coefficient

k  :Debye screening length [m™']

x*% : volume of association

4 :chemical potential [J mol™']

v :stoichiometric number

OF : objective function defined by Egs. (16) and (18)
@  :osmotic coefficient

Subscripts
e : electrolyte
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i : component i

ion :ion

MSA : mean spherical approximation theory
S : solvent

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

Superscripts

assoc : association contribution
cal : calculated properties
chain : chain contribution

disp : dispersion contribution
elec : electrolyte contribution
exp :experimental properties
hs  :hard-sphere contribution

m  :molality scale

res :residual

X : mole fraction

* : unsymmetrical normalization
oo :infinite dilution properties
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APPENDIX A
The SAFT-HR EoS [31,32] in terms of the residual Helmholtz
energy is presented as follows:
hs

Arex B A . Adixp . Ac‘hain . Aaxsoc
N kT N kT Nk;T NkgT Nk,T

(A1)

the hard-sphere term is given by

A® 6 (§§+34§43—3443§§_[§ &

- In(1- A2
Nk T Nud| g(1-6)? 4”3} " @}( )

where ¢ is defined as

N
T 6Ap Yxmd, 0,123 (A3)
d =0[1—0 12ex (ﬂaﬂ (Ad)
i = Oj . p KT
(00 67\
o=("2) (%)
r=7J2/6 (A6)

the dispersion term is as follows:

disp 4

e sl (0 @

N
-T2y xmd (A8)

D, universal constants are introduced by Chen and Kreglewski
[49]. The vdWI mixing rules for m and wkT are used:

N

m=> x,;m, (A9)
i=1
ZZxxm -vg-(uij/kT)
el (A10)
kT NN
ZZx,x/mlm/v
i=1j=1
where
v?f{;[( SRS )”1} )
u;=(uu;) *(1-k,) (A12)
V=y? [1—0 12exp( STL‘OH (A13)
;= (l+ﬁ) (A14)

chain formation term is

Acham N
NkT - 1—21X (1 m )1n(g11 (du)) (AIS)
where
FELIR SN S
g (d)=—= +2( 7 (A16)
1- g 2 (1_(3)2 ( )(1_4,3)3
Ultimately, the association term is as follows:
AaswL N XA'
-—=]+M,/2 (A17)
N I

where XA‘, the mole fraction of molecules i not bonded at site A is
given by
XA = 1
- B, \AB
14N, Y x Y o X A
j=1 "B

(A18)
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the association strength A" is

AB

B, &
A= gi/(dii)[eXpﬁ -1 J%"(

3 AB

where

0y=(0i+ )12
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(A19)

(A20)

the radial distribution function g;(d;) is given by

g;(dy)=

i

&

1 +3d»d~ &
1-& d,-,-+djj(1_é'3)2

+f

d;+

did;; )2
d

a7

a-4)

(A21)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


