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In this work, we show that the mean activity coefficient, osmotic coefficient, and
vapor pressure of aqueous electrolyte solutions can be successfully predicted through
combining the Pitzer-Debye-Hückel model for long-range interactions and the modified
COSMO-SAC model for short-range interactions. This method contains only a small
number (13) of universal parameters to describe various types of interactions between
different species, such as ions, hydrogen-bonding species, and non-hydrogen bonding
species. This approach does not require any pair interaction parameters between spe-
cies and does not contain any ion specific parameter other than the element radius.
We have examined this method for the properties of three types of systems, including a
single salt in water, mixture salts in water, and a single salt in solvent mixtures con-
taining water and alcohols. The predicted results are found to be in good agreement
with those from experiments over wide ranges of concentration and temperature. This
model is, in principle, applicable to all types of electrolyte solutions and is especially
useful for property estimation for cases when no experimental data are available.
VVC 2010 American Institute of Chemical Engineers AIChE J, 57: 1061–1074, 2011
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Introduction

Electrolyte solutions are frequently encountered in natural
systems, such as sea water and biological systems, as well as
in chemical and pharmaceutical industries.1,2 However,
describing the thermodynamic properties of electrolyte solu-
tions using conventional thermodynamic models has been
quite challenging. This can be easily understood through the
generalized van der Waals theory.3,4 The long-range interac-
tions, which is important between charged species in electro-
lyte solutions, are neglected in most engineering liquid mod-
els, such as NRTL,5 UNIQUAC,6 and UNIFAC,7 and equa-

tions of state, such as the Peng-Robinson,8 SAFT,9 and PC-
SAFT10 EOS. One common remedy for such a deficiency is
to add a long-range correction to the existing (short range)
models. For example, the excess Gibbs free energy

Gex ¼ Gex;LR þ Gex;SR (1)

where the long-range corrections are based either on the
(modified) Debye-Hückel (DH) model11 or the mean spherical
approximation (MSA).12 Both the DH and MSA theory
provide an accurate description of the non-ideality in dilute
aqueous electrolyte solutions where ions are completely
solvated by water molecules. However, as the concentration
of electrolyte increases, ionic species may start coming into
contact and the short-range interactions become important.

The separate consideration of long-range and short-range
interactions has lead to many successful correlative or
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semi-predictive models. For example, the electrolyte-NRTL
model13–16 uses the Pitzer Debye-Hückel (PDH)17 for long-
range contribution and the non-random-two-liquid (NRTL)
model5 for the short-range contributions. In the two ionic pa-
rameter model,18,19 the PDH model is combined with a sol-
vation effect term. In the IP-MGV-MSA model,20 the MSA
theory is used to account for long-range interactions whereas
the modified Ghotbi-Vera Hard sphere model21 is used for
short-range interactions. Jin and Donohue22–24 used the
PACT25 (perturbed anisotropic chain theory) EOS for short-
range interaction and a perturbation expansion of Henderson
and Blum’s restricted primitive model26 for long-range
charge–charge interactions. Fürst and Renon27 developed an
EOS which combines the EOS of Schwartzentruber et al.28

with MSA. Myers et al.29,30 combine the PR EOS with MSA
to describe the behavior of aqueous electrolyte solutions
over a wide range of temperature and pressure.

Despite the success of these models in modeling the ther-
modynamic properties of electrolyte solutions, they usually
contain salt-dependent parameters whose value must be
determined via fitting to the experimental data of the electro-
lyte solution of interest. Such a type of models cannot be
used to predict the properties of a solution that contains a
new salt species. (For example, the parameters determined
from NaCl aqueous solution are not of any use for the solu-
tion of NaBr). Recently, Held et al.31 proposed an ePC-
SAFT EOS,32 which combines the DH model and PC-SAFT
EOS, that requires only two characteristic parameters for
each ionic species. The value of these characteristic parame-
ters does not change whether an ionic species (e.g., Naþ) is
in one salt (e.g., NaCl) or in another (e.g., NaBr). The use
of ion-specific parameters (instead of salt-specific parame-
ters) greatly enhances the predictive power of the ePC-SAFT
EOS for new electrolyte solutions. Nonetheless, the charac-
teristic parameters of each new ionic species must be deter-
mined with experimental data.

The main objective of the present work is to develop a
model for electrolyte solutions that does not contain any spe-
cies-specific parameters. This is made possible by combining
the PDH model17 with a predictive activity coefficient
model, COSMO-SAC.33 This approach requires a small
group (13) of universal parameters to describe the specific
interactions between charged-charged, charged-neutral, and/
or neutral-neutral species. The resultant model is, in princi-
ple, applicable to all types of electrolyte systems and can
provide reliable predictions of mean activity coefficient, os-
motic coefficient, and vapor pressure of various types of
electrolyte solutions (e.g., single-salt single-solvent, mixed-
salt single-solvent, and single-salt mixed-solvent).

Theory

The system of our interest here is a solution containing
completely dissociated electrolytes and solvents. For exam-
ple, a solution containing nA moles of ion A (with a net
charge of zA), nB moles of ion B (with a net charge of zB),
nC moles of ion C (with a net charge of zC),…, nS1 moles of
solvent 1, and nS2 moles of solvent 2 can be represented as

nAA
zA þ nBB

zB þ nCC
zC þ � � � þ nS1Solvent1þ nS2Solvent2

(2)

Electrical neutrality requires the following relation be
always satisfied

nAzA þ nBzB þ nCzC þ � � � ¼
X
i

nizi ¼ 0 (3)

where the summation for i(¼A,B,C,…,Solvent1,Solvent2) is
over all species in the solution, and zi is the charge of species i
(zi ¼ 0 for the solvents). The molar Gibbs free energy of the
solution at temperature T, pressure P, and composition x, can
be expressed as the sum of the partial molar Gibbs free energy
of each species in the system, that is,

GðT;P; xÞ ¼
X
i

xi �GiðT;P; xÞ (4)

where xi is the mole fraction of each species. The molar excess
Gibbs free energy of such a mixture is

Gex ¼ G�
X
i

xi �G
o
i ¼ Gex;PHD þ Gex;COSMOSAC (5)

where �Go
i is the partial molar Gibbs free energy of i at some

reference state. The last equality follows from Eq. 1 where Gex

is decomposed to a long-range effect, described here using the
Pitzer Debye-Hückel (PDH) theory, and a short-range effect,
described using a modified COSMO-SAC model. The activity
coefficient is thus obtained as

ln ci ¼
1

RT

@nGex

@ni

� �
T;P;nj 6¼i

¼ ln cPDHi þ ln c
COSMOSAC

i (6)

where n is the total number of moles. The activity coefficient
equation from PDH theory and the COSMO-SAC model is
presented as follows.

The Pitzer Debye-Hückel theory

The unsymmetric PDH formula17 describes the molar
excess Gibbs free energy as

Gex;PDH

RT
¼ � 1000

Ms

� �1=2

A/
4Ix
q

� �
ln 1þ qI1=2x

� �
(7)

where Ms is the average molecular weight of solvent, q is the
closest approach parameter, Ix is the ionic strength

Ix ¼ 1

2

X
i

xiz
2
i (8)

and A/ is the Debye-Hückel constant defined as

A/ ¼ 1

3

2pNAds
1000

� �1=2 Q2
e

eskT

� �3=2

(9)

with ds being the density of solvent, NA the Avogadro’s
number, Qe the charge of an electron, es the average dielectric
of solvent, and k the Boltzmann constant. Note that the word
‘‘unsymmetric’’ represents the fact that a different reference
state for ionic and neutral species in Eq. 7. For ionic species,
the reference state is in infinite-dilution solution (i.e.,
�Go
i ðT;P; xi ¼ 0Þ). However, the reference state for solvent is

defined in its pure liquid state (i.e., �Go
i ðT;P; xi ¼ 1Þ).
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The activity coefficient of each species can be derived
from Eq. 7

ln cPDHi ¼ � 1000

Ms

� �1=2

A/
2z2i
q

� �
ln 1þ qI1=2x

� �"

þ z2i I
1=2
x � 2I3=2x

1þ qI1=2x

#
ð10Þ

Equation 10 is used for the long-range effect on the activ-
ity coefficient.

While Eq. 10 was derived for the case of a single-solvent
solution, Chen and Song suggest34 that it can be extended to
multi-solvent systems by considering the neutral components
as one pseudo-single-solvent. The properties of such a
pseudo-single-solvent is determined according to the follow-
ing simple mixing rule

Ms ¼
X
k

x0kMk (11)

1

ds
¼

X
k

x0k
dk

(12)

es ¼
X
k

w0
kek (13)

where Ms, ds, and es are the properties of the pseudo-single-
solvent and can be applied to Eq. 10 directly.Mk, dk, and ek are
the properties of solvent component k, and the summation runs
over all solvent components (i.e., all the neutral species) in the
solution. The xk

0 and wk
0 are the ion-free mole fraction and

average molecular weight

x0k ¼
xkP
j

xj
(14)

w0
k ¼

MkxkP
j

xjMj

(15)

where the summations in Eqs. 14 and 15 are over all the
solvent species in the solution. Note that the temperature
dependence of the density and the dielectric constant of pure
water is considered in this work. The equation suggested by
Novotny and Sohnel35 is used for the density

dw ¼ 999:65þ 0:20438 � T � 273:15ð Þ
�0:06174 � T � 273:15ð Þ3=2 ð16Þ

and the following semi-empirical equation36 is used for the
dielectric constant

ew ¼ 3:84093 � 10�4 � T � 298:15ð Þ2
�3:18404 � 10�1 � T � 298:15ð Þ þ 78:3055 ð17Þ

The COSMO-SAC model33

The effect of short-range interactions on the activity coef-
ficient is described by the COSMO-SAC model, in which
the attractive (residual) and repulsive (combinatorial) interac-
tions are considered separately as

ln cCOSMOSAC
i ¼ ln cresi þ ln ccomb

i (18)

In the residual component, the interactions at the contact-
ing surface between two species can be determined from the
surface screening charges determined when the species is
solvated in a perfect conductor.

ln cresi ¼ ni
X
rm

piðrmÞ ln CSðrmÞ � CiðrmÞ½ � (19)

where the sigma profile pi(rm) is the probability of finding a
surface of charge density rm on species i. The value ni is the
number of surface segments of species i calculated from the
ratio of the molecular surface area Ai and the effective area of
surface contact aeff, that is, ni ¼ Ai/aeff. The segment activity
coefficient C is calculated from

lnCkðrmÞ ¼ � ln
X
rn

pkðrnÞCkðrnÞ exp �DWðrm; rnÞ
kT

� �( )

(20)

where the subscript k can either be the solution S or the pure
species i. DW(rm,rn) is the interaction between segments m
and n (each has characterized with its charge density rm,rn,
respectively) and will be described in detail later.

The Staverman-Guggenheim (SG) model is used for the
combinatorial term

ln ccomb
i ¼ ln

/i

xi
þ z

2
qi ln

hi
/i

þ li � /i

xi

X
j

xjlj (21)

where z ¼ 10 is the coordination number, ri and qi are the

normalized volume and surface area, hi ¼ xiqiP
j
xjqj

is the surface

fraction /i ¼ xiriP
j

xjrj
is the volume fraction, and li ¼

z
2
ðri � qiÞ � ðri � 1Þ.

Specific interactions in electrolyte solutions

To take into account the specific interactions between ion
and solvent, and between ion and ion, the sigma profile of
each species is considered to have four components: the
electrostatic (non-hydrogen bonding) segments (nonhb), the
hydrogen-bonding segments (hb), the ionic segments(ion),
and the ionic group segments (iongrp), that is,

piðrmÞ ¼ pnonhbi ðrnonhbm Þþ phbi ðrhbm Þþ pioni ðrionm Þþ piongrpi ðriongrpm Þ
(22)

Hydrogen-bonding segments are those from the surface of
HB donating (e.g., H in H2O) or accepting (e.g., O in H2O)
atoms. Ionic segments are those from the surfaces of charged
atoms, such as Naþ, Ca2þ, Cl�, Br�, etc. Ionic group seg-
ments are the surfaces of charged molecules, such as NHþ

4 ,
NO�

3 , etc. All other segments are classified as non-hydrogen
bonding segments. Because of such changes in the sigma-
profile, there are 10 (¼(1þ4)�4/2) possible types of interac-
tions as illustrated in Figure 1. To reflect the fact that, for
example, the strength of interaction between a cation with
water is different from that between an anion and water, the
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HB-ion interactions is decomposed further to four sub-cate-
gories, HB donor-anion, HB donor-cation, HB acceptor-
anion, and HB acceptor-cation. Such refinement is done also
for HB-HB, Ion-Ion, Ion group-Ion group, HB-ion group,
Ion-ion group interactions. Table 1 summarizes the all possi-
ble interactions considered in this work. To include all these
effects, Eqs. 19 and 20 become37

ln cresi ¼ ni
Xnonhb;hb;

ion;iongrp

s

X
rm

psi ðrmÞ ln Cs
SðrsmÞ � Cs

i ðrsmÞ
� �

(23)

lnCt
j r

t
m

	 
 ¼ � ln
Xnonhb;hb;

ion;iongrp

s

X
rn

psj rsn
	 


exp
�DWðrtm; rsnÞ

kT

�8><
>:

þ lnCs
j ðrsnÞ

�9>=
>; ð24Þ

where the subscript j is either the pure fluid i or the solvent S,
and the segment interaction energy DW rtm;r

s
n

	 

is described

as

DWðrtm;rsnÞ ¼

a0ðrtm þ rsnÞ2 ifðt ¼ nonhb or s ¼ nonhbÞ
or ðt ¼ s ¼ hb and rtm � rsn > 0Þ ðaÞ

a0ðrtm þ rsnÞ2 � b0ðrtm � rsnÞ2 ifðt ¼ s ¼ hb and rtm � rsn \ 0Þ ðbÞ
a1ðrtm þ rsnÞ2 ifðt ¼ s ¼ ion;rtm > 0; and rsn > 0Þ

or ðt ¼ s ¼ iongrp;rtm > 0; and rsn > 0Þ
or ðt ¼ ion; s ¼ iongrp;rtm > 0; and rsn > 0Þ
or ðt ¼ iongrp; s ¼ ion;rtm > 0; and rsn > 0Þ ðcÞ

a2ðrtm þ rsnÞ2 ifðt ¼ s ¼ ion;rtm \ 0; and rsn \ 0Þ
or ðt ¼ s ¼ iongrp;rtm \ 0; and rsn \ 0Þ
or ðt ¼ ion; s ¼ iongrp rtm \ 0; and rsn\ 0Þ
or ðt ¼ iongrp; s ¼ ion;rtm \ 0; and rsn\ 0Þ ðdÞ

a3ðrtm þ rsnÞ2 ifðt ¼ s ¼ ion and rtm � rsn \ 0Þ ðeÞ
a4ðrtm þ rsnÞ2 ifðt ¼ s ¼ iongrp; and rtm � rsn \ 0Þ

or ðt ¼ ion; s ¼ iongrp; and rtm � rsn \ 0Þ
or ðt ¼ iongrp; s ¼ ion; and rtm � rsn \ 0Þ ðfÞ

a5ðrtm þ rsnÞ2 � b1ðrtm � rsnÞ2:5 ifðt ¼ hb; s ¼ ion;rtm \ 0 and rsn > 0Þ
or ðt ¼ ion; s ¼ hb;rtm > 0 andrsn \ 0Þ ðgÞ

a6ðrtm þ rsnÞ2 ifðt ¼ hb; s ¼ ion;rtm\ 0; andrsn\ 0Þ
or ðt ¼ ion; s ¼ hb;rtm \ 0; and rsn \ 0Þ
or ðt ¼ hb; s ¼ iongrp;rtm \ 0; and rsn \ 0Þ
or ðt ¼ iongrp; s ¼ hb;rtm\ 0; and rsn\ 0Þ ðhÞ

a7ðrtm þ rsnÞ2 ifðt ¼ hb; s ¼ ion;rtm > 0; and rsn > 0Þ
or ðt ¼ ion; s ¼ hb;rtm > 0; and rsn > 0Þ ðiÞ

a5ðrtm þ rsnÞ2 � b2ðrtm � rsnÞ2:5 ifðt ¼ hb; s ¼ ion;rtm > 0; and rsn\ 0Þ
or ðt ¼ ion; s ¼ hb;rtm \ 0; and rsn > 0Þ
or ðt ¼ hb; s ¼ iongrp;rtm > 0 and rsn\ 0Þ
or ðt ¼ iongrp; s ¼ hb;rtm\ 0 and rsn > 0Þ ðjÞ

�a8ðrtm þ rsnÞ2 ifðt ¼ hb; s ¼ iongrp;rtm\ 0; and rsn > 0Þ
or ðt ¼ iongrp; s ¼ hb;rtm > 0; and rsn\ 0Þ ðkÞ

a9ðrtm þ rsnÞ2 ifðt ¼ hb; s ¼ iongrp; rtm > 0; and rsn > 0Þ
or ðt ¼ iongrp; s ¼ hb;rtm > 0; and rsn > 0Þ ðlÞ

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

(25)

Note that Eqs. 25a and b have been used in the original

COSMO-SAC model33 for interactions between neutral spe-

cies. Here, we have introduced 10 additional empirical Eqs.

25c–l, containing 11 universal parameters (a1 to a9, b1 and

b2 whose values were determined from fitting to experimen-

tal data) to properly describe the interactions between ionic

species and the solvent. The values of all these parameters

are summarized in Table 2.

Computational Details

Activity coefficient from PDH model

The physical properties of the solvent (density, molecular
weight) are taken from the DIPPR database38 and the dielec-
tric constant from Chen and Song.39 In the case of water,
the value of density and dielectric constant are calculated
from Eqs. 16 and 17. For mixed-solvent systems, the
pseudo-single solvent properties are determined from
Eqs. 11 to 13. These properties are used to determine the
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Debye-Hückel constant A/ in Eq. 9. The closest approach pa-
rameter q is estimated using the following empirical equation

q ¼ �r

0:134 _A
	 
 (26)

where r ¼ Pall charged species
j x00j rj is the mean radius from all

charged species in the solution, rj is the radius of ion j, and xj
00

is its solvent-free mole fraction. [For example, the value of q
of a NaCl aqueous solutions is q ¼ (0.5 � 1.69 þ 0.5 � 2.05)/
0.134 ¼ 13.94, which is close to the value (14.9) used by

Table 1. Summary of the Segment Interaction Energy DW(rm,rn) Between Different Types of Segments

No. Type of Interactions Sub-Categories Equation for DW(rtm,r
s
n)

1 Non HB–non HB Non HB–others 26(a)
2 HB–non HB
3 Ion–non HB
4 Ionic group–non HB
5 HB–HB Donor–donor or acceptor–acceptor 26(a)

Donor–acceptor 26(b)
6 Ion–ion Anion–anion 26(c)

Cation–cation 26(d)
Anion–cation 26(e)

7 Ion group–ion group Anionic group–anionic group 26(c)
Cationic group–cationic group 26(d)
Anionic group–cationic group 26(f)

8 HB–ion HB donor–anion 26(g)
HB donor–cation 26(h)
HB acceptor–anion 26(i)
HB acceptor–cation 26(j)

9 HB–ion group HB donor–anionic group 26(k)
HB donor–cationic group 26(h)
HB acceptor–anionic group 26(l)
HB acceptor–cationic group 26(j)

10 Ion–ion group Cation–anionic group 26(f)
Cation–cationic group 26(d)
Anion–anionic group 26(c)
Anion–cationic group 26(f)

Figure 1. Illustration of DW(rm,rn) between different segment types.

The letters in parenthesis indicates the corresponding equation in Eq. 25.
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others13,17]. The atomic radii used in this work are summarized
in Table 2. [Note that many of the element radii (H,C,O,N,
S,P,Cl,Br,I) are taken from the literature.40 Other radii are chosen

to be somewhere between the Pauling radius (from X-ray
crystallography) and the equilibrium separation distance between
the ion and water.41,42] The radius of an ionic group (e.g., NO�

3 )
is estimated to be that of a sphere having the same surface area as
the ionic group, that is, ri ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Ai=4p

p
. The ionic strength Ix is

determined from Eq. 8 and the activity coefficient from Eq. 10.

The activity coefficient from the COSMO-SAC model

The only input needed for the COSMO-SAC model is the
sigma profile of each species in the solution. The detailed
procedure of obtaining such a profile can be found else-
where.33,37,43,44 Here, we briefly outline the important steps.
The equilibrium molecular geometry is determined by mini-
mization of the total energy of the molecule using the quan-
tum mechanical calculation package DMol3.45 [Note that this
step is not needed for monatomic ions.46] Then, a solvation
calculation in perfect conductor (COSMO)47 is performed to
obtain the screening charges on the molecular surface with all
the default settings in DMol3. Note that DMol3 does not
allow a calculation of monatomic cations (e.g., Liþ, Naþ,
etc.). For such ions, an in-house program47 is used to deter-
mine the screening charges at the ion surface. The sigma-pro-
file of each individual species ptiðrtmÞ can then be determined
as the histogram of the screening charges. [note that the

sigma-profile is normalized, that is,
Pnonhb;hb;

ion;iongrp
t

P
rm

ptiðrmÞ ¼1.]

Figure 2 illustrates the sigma profile for several monatomic cati-
ons. It can be seen that the sigma profile of monatomic ions is a

delta function centered at a charge density r ¼ zie=4pR2
i .
46 The

sigma profile for a solution is determined from the mole-
fraction average of contributions from all the species

ptSðrtmÞ ¼
P
i

xiAip
t
iðrtmÞP

i

xiAi

(27)

Once the sigma-profile is available, the segment activity
(in both the solution and in the pure species liquid) is

Table 2. Model Parameters and Their Values

Parameter Value [kJ/(mol Å4 e2)]

A0 8946.10
B0 3063.58
A1 17108.71
A2 806.06
A3 430.19
A4 2214.50
A5 2246.33
A6 3386.81
A7 3624.26
A8 2071.18
A9 210.88
B1 9245.70
B2 2376.39

Element Radius (Å)

H 1.30
C 1.83
N 1.83
O 1.72
S 2.16
P 2.12
Li 1.39
Na 1.69
K 2.00
Rb 2.15
Cs 2.34
Mg 1.86
Ca 2.06
Sr 2.18
Ba 2.30
Fe 2.03
Co 1.95
Cu 2.40
Cr 2.22
F 1.33
Cl 2.05
Br 2.167
I 2.319

Figure 2. The sigma profile for representative cations.
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Table 3. Percent Average Relative Deviation (%ARD) in Mean Activity Coefficient and Water Activity Coefficient Calculation
for ‘‘Single-Salt, Single-Solvent’’ Systems at 298.15 K

Electrolyte Max Molalitya (mol/kg)

Mean Activity Coefficient Activity Coefficient of Water

%ARD %ARD

This Work e-PC SAFT31 This Work

1:1 Monatomic electrolytes
NaF 1.0 3.88 2.38 0.07
KF 4.0 3.43 3.26 0.24
RbF 3.5 6.08 6.70 –
CsF 3.5 14.58 6.39 –
HCl 6.0 9.00 9.80 0.21
LiCl 4.5 6.58 9.79 0.11
NaCl 6.0 1.23 3.43 0.10
KCl 4.5 0.48 2.38 0.03
RbCl 5.0 0.85 1.35 0.08
CsCl 5.5 1.86 1.91 0.17
NH4Cl 6.0 1.18 0.95 0.12
HBr 3.0 8.49 9.28 0.07
LiBr 4.5 2.55 3.52 0.09
NaBr 4.0 1.28 1.75 0.07
KBr 5.5 1.43 1.78 0.06
RbBr 5.0 0.59 1.89 0.02
CsBr 5.0 2.09 2.56 0.16
NH4Br 8.0 1.06 6.56 –
HI 3.0 6.61 2.56 0.22
LiI 3.0 5.28 4.49 0.23
NaI 3.5 1.96 1.37 0.12
KI 4.5 3.15 1.44 0.05
RbI 5.0 1.71 3.30 0.06
CsI 3.0 2.12 4.66 0.01
NH4I 1.1 3.02 2.36 –

2:1 and 3:1 Monatomic electrolytes
MgCl2 4.5 7.49 11.08 0.55
CaCl2 5.5 7.31 26.11 1.05
SrCl2 3.5 6.24 11.05 0.18
BaCl2 1.8 3.95 5.68 0.21
FeCl2 2.0 5.05 7.13 0.21
CuCl2 5.0 13.93 19.56 1.55
CoCl2 4.0 15.68 12.10 1.41
CrCl3 1.2 21.44 13.60 0.21
MgBr2 4.5 10.23 13.43 1.08
CaBr2 3.5 5.18 18.31 0.40
SrBr2 2.0 3.68 11.91 0.19
BaBr2 2.0 4.11 6.47 0.24
CuBr2 3.6 20.16 14.32 –
CoBr2 5.0 6.34 8.55 0.56
MgI2 4.5 18.55 47.18 2.74
CaI2 2.0 11.67 10.15 0.56
SrI2 2.0 5.61 11.26 0.30
BaI2 2.0 5.83 9.46 0.08
CoI2 5.0 15.41 10.62 3.35

Hydroxides
LiOH 4.0 14.4 3.01 –
NaOH 6.0 13.9 6.78 1.93
KOH 6.0 21.23 3.03 3.33
CsOH 1.0 4.84 2.72 0.08
Ba(OH)2 0.2 5.17 2.26 –

Nitrates
HNO3 3.0 7.14 6.87 0.27
LiNO3 6.0 1.74 14.25 0.05
NaNO3 6.0 2.81 1.99 0.13
KNO3 3.5 6.58 2.28 0.22
NH4NO3 6.0 18.22 29.15 1.72
RbNO3 4.5 9.00 2.92 0.64
CsNO3 1.4 4.87 3.68 0.09
Mg(NO3)2 4.5 32.06 13.14 4.69
Ca(NO3)2 6.0 18.43 13.56 3.16
Sr(NO3)2 4.0 13.13 11.95 0.69
Ba(NO3)2 0.4 33.95 3.55 0.26

(Continued)
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determined from Eq. 24, and the residual contribution to the mo-
lecular activity coefficient from Eq. 23. The normalize volume ri
and surface area qi are determined from the molecular volume ri
¼ Vi(Å

3)/(66.694Å3) and surface area qi ¼ Ai(Å
2)/(79.532Å2)

that can be found in the output file of COSMO calculation. The
combinatorial contribution to the activity coefficient calculated
from Eq. 21 is combined with the residual contribution (Eq. 19)
to obtain the COSMO-SAC activity coefficient.

Property calculations

The Mean Activity Coefficient. The reference state used
for charged species in PDH (infinite dilution) and COSMO-

SAC (pure fluid) are different. Therefore, special attention is
needed when combining these two contributions. The refer-
ence state for the activity coefficient from COSMO-SAC is
changed from pure fluid to infinite dilution according to the
following equation

c�COSMOSAC
i ¼ cCOSMOSAC

i xð Þ
cCOSMOSAC
i xi ¼ 0ð Þ (28)

The result from Eq. 28 is then combined with that from
Eq. 10 to obtain the mean activity coefficient

Table 3. (Continued)

Electrolyte Max Molalitya (mol/kg)

Mean Activity Coefficient Activity Coefficient of Water

%ARD %ARD

This Work e-PC SAFT31 This Work

Cu(NO3)2 5.0 24.35 32.96 –
Co(NO3)2 5.0 4.81 15.92 0.42
Cr(NO3)3 1.4 7.16 15.48 0.38

Thiocyanates
NaSCN 4.0 16.42 2.76 0.86
KSCN 5.0 25.94 1.07 1.82
NH4SCN 2.0 11.94 2.48 –

Chlorates
LiClO3 10.0 34.01 11.6 –
NaClO3 3.5 7.77 2.14 0.16
KClO3 0.7 5.31 0.96 0.03
RbClO3 0.3 3.47 0.98 –
CsClO3 0.3 3.24 0.51 –

Perchlorates
HClO4 6.0 16.63 9.02 0.71
LiClO4 4.0 2.06 4.13 0.11
NaClO4 6.0 10.25 14.14 0.46
RbClO4 0.3 6.82 5.10 –
NH4ClO4 2.1 4.78 7.97 –
Mg(ClO4)2 1.0 3.04 9.53 0.10
Ca(ClO4)2 3.0 3.65 17.61 0.33
Sr(ClO4)2 4.0 9.38 15.91 1.10
Ba(ClO4)2 5.0 4.30 6.60 0.55
Cu(ClO4)2 3.0 28.49 25.66 –
Co(ClO4)2 3.5 9.93 12.65 –

Bromates
NaBrO3 2.5 4.66 3.01 0.05
KBrO3 0.5 3.96 1.32 0.02
RbBrO3 0.3 1.94 1.95 –
CsBrO3 0.3 2.84 1.72 –

Sulfates
Li2SO4 3.0 15.32 20.29 0.81
Na2SO4 4.0 14.88 32.63 2.01
K2SO4 0.7 17.46 1.61 0.07
Rb2SO4 1.8 11.59 11.94 0.57
Cs2SO4 1.8 12.77 12.31 0.75
(NH4)2SO4 4.0 22.13 17.44 –
MgSO4 3.6 51.71 19.36 0.80
CuSO4 2.0 8.37 12.76 –
CoSO4 2.0 13.10 17.58 –
Cr2(SO4)3 1.2 33.58 35.18 0.69

Phosphates
Na2HPO4 1.25 5.74 11.72 –
K2HPO4 1.0 10.29 5.86 –
NaH2PO4 6.0 8.98 3.02 0.57
KH2PO4 1.8 7.13 2.47 0.14
Overall 9.76 9.12 0.62

aExperimental data are taken from Refs. 53 and 54.
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c0� ¼ ðcPDHþ c�COSMOSAC
þ Þtþ � ðcPDH� c�COSMOSAC

� Þt�
� � 1

ðtþþt�Þ

(29)

where tþ and t� are the stoichiometric coefficients of the
cation and anion, respectively. Finally, since reported experi-
mental data for the mean activity coefficient are in a molarity
scale, it is necessary to convert the concentration scale from
mole fraction to molarity as follows48

c� ¼ 1

1þ Ms

1000
tþ þ t�ð Þmmx

c0� (30)

where mmx is the molarity of salt.
The Osmotic Coefficient. The osmotic coefficient / can

be obtained from the activity coefficient of the solvent

/ ¼ � xS
1� xS

ln xScSð Þ (31)

where xs and cs are the mole fraction and activity coefficient of
the solvent, respectively. Note that the activity coefficient for
the solvent is determined from Eq. 6 without the need of
changing reference state and concentration scale.

The Vapor Pressure. The vapor pressure Pvap can also be
acquired from the activity of the solvent

Pvap ¼ Psat Tð Þ � xscs (32)

where Psat(T) is the saturated vapor pressure of the solvent at
temperature T.

Optimization of model parameters

The value of two of the model parameters (a0 and b0 in
Table 2) are taken from the literature.33 The other 11 param-
eters (a1 to a9, b1 and b2 in Table 2) and some the element
radii (for Mg, Ca, Sr, Ba, Fe, Co, Cu, Cr, F) are obtained by
minimizing the following object function:

OBJ ¼ RMS1:1 monoatomic electrolytes � 2:0
þRMS2:1;3:1 monoatomic electrolytes;ionic groups � 1:0 ð33Þ

Figure 3. Mean activity coefficient of five 1:1 bromides
salts in aqueous solution at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Figure 4. Mean activity coefficient of five 2:1 iodine
salts in aqueous solution at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Table 4. The Degree of Dissociation for Some Representative
Aqueous Electrolyte Solutions at Different Concentration

Conditions at 298.15 K

Molarity (mol/L) NaCl KCl BaCl2 LaCl3

0.1 0.84 0.86 0.70 0.60
1.0 0.68 0.75 0.49 0.35

The degree of dissociation is calculated from the measured conductivity53 as
a ¼ K

Ko, where K is molar conductivity and K� is the molar conductivity at
infinite dilution.55

Figure 5. Water activity coefficient of five 1:1 iodide
salt in aqueous solution at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.
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where RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ln ci;cal=ci;expð Þ½ �2
n

s
, n is the total number of data

points used. The universal parameters used in this new activity
model are only optimized for the ‘‘single salt, single solvent’’
systems at 298.15 K (i.e., all the systems listed in Table 3).
The parameter optimization proceeded as follows. The radius
of each of the monatomic ions is set to be the average of the
Pauling radius and the equilibrium separation distance
between the ion and water.41,42 The experimental data of 1:1
electrolytes are used to obtain the initial values of parameters
a1, a2, a3, a5, a6, a7, b1, and b2. These parameters are further
optimized with the inclusion of data of 2:1 and 3:1
electrolytes. Next, the radii of multivalent cations are fine
tuned with the values of the eight interaction parameters kept
unchanged. Finally, the remaining three parameters (a4, a8,
and a9) are fitted to experimental data of electrolytes
containing polyatomic ions. The Simplex downhill algorithm49

is used for the parameter optimization. Multiple initial guesses
for the parameters were examined during the parameterization
to avoid being trapped within a local minimum.

Results and Discussion

The proposed method is used to study the following three
types of aqueous electrolyte systems

1 single-salt, single-solvent
2 mixed-salt, single-solvent
3 single-salt, mixed-solvent

All the calculations are done using the same set of model
parameters, as listed in Table 2.

Figure 6. Water activity coefficient of five 2:1 chloride
salts in aqueous solution at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Figure 7. Vapor pressure of cesium chloride in aqueous
solution at different temperatures.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Figure 8. Vapor pressure of calcium dichloride in aque-
ous solution at different temperatures.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Table 5. Deviation in Vapor Pressure Calculation for
‘‘Single-Salt, Single-Solvent’’ Systems at Different

Temperatures

Electrolyte

Vapor Pressure

Max
Molality
(mol/kg)

Data
Points

Temperature
Range (�C)

%AAD
of lnP

NaClb 6.65 65 15–205 1.58
NaBra,b 9.72 81 20–200 2.22
NaIa,b 10.00 94 20–200 2.94
KClb 7.55 76 0–200 0.79
KBra,b 8.40 104 60–200 4.57
KIb 9.04 63 20–200 3.74
RbCla 6.95 30 30–70 1.53
CsCla,b 5.94 106 25–200 1.74
NH4Clb 7.47 49 10–100 0.96
MgCl2

a,b 7.00 123 0–200 4.93
CaCl2

a,b 9.01 66 20–150 3.76
CaBr2

b 5.00 43 45–95 3.80
SrCl2

b 2.10 15 25–100 1.07
SrBr2

a,b 4.04 55 50–100 1.40
BaCl2

b 2.06 59 0–200 0.38
BaBr2

a 3.40 40 30–70 1.09
Overall 1069 2.28

aExperimental data are taken from Ref. 56.
bExperimental data are taken from Ref. 57.
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Single-salt, single-solvent systems

The experimental data of mean activity coefficient for
aqueous solutions containing 1:1 (22 systems, 396 data
points), 2:1 (18 systems, 327 data points), 3:1 monatomic
electrolytes (1 systems, 11 data points), and aqueous electro-
lyte solutions with polyatomic ion-groups (59 systems, 985
data points) are used to obtain the 11 universal parameters
in the model. The errors in the calculated mean activity
coefficient, water activity coefficient are listed in Table 3.
The overall percent average relative deviation

(ARD ¼ 100%
n

Pn
i¼1

ccal
i
�cexp

ij j
cexp
i

) in mean activity coefficient calcu-

lations is 9.76%, with that of the 1:1 electrolyte systems
being 3.62%, 2:1, 3:1 electrolyte systems 9.89%, and polya-
tomic ion-groups 12.46%. Figures 3 and 4 illustrate the cal-
culated mean activity coefficient as a function of concentra-
tion (solid lines) for some typical electrolytes. Corresponding
experimental data (open symbols) are also included for com-
parison. The results from our model are comparable to a
recently published method, e-PC SAFT (also shown in Table
3): Overall ARD 9.12%, 1:1 electrolytes 3.83%, 2:1, 3:1
electrolytes 14.10%, and ionic groups 9.79%. Unlike the e-
PC SAFT model where two fitting parameters are needed for

each ionic species, the method proposed here does not con-
tain any species dependent variables and is readily applica-
ble to any new electrolyte solution.

The larger value of errors seen in multivalent electrolytes
may be attributed to the breakdown of fully dissociation
approximation, which is a good assumption for low concen-
trations. As the electrolyte concentration increases, the
degree of dissociation of the positive and negative charged
species may also decrease. Table 4 lists the degree of disso-
ciation (determined from conductivity measurements) of sev-
eral electrolytes in water at low (0.1 mol/L) and high (1
mol/L) concentrations. It is evident that the decrease in the
degree of dissociation is even more prominent for 2:1 and
3:1 electrolyte systems. We have neglected the presence of
undissoiciated electrolytes in our calculations because this
would require the knowledge of dissociation constant, which
is not the focus of the present work. The especially large

Table 6. Percent Average Absolute Deviation (%ARD) in
Osmotic Coefficient Calculation for ‘‘Mixed-Salt, Single-

Solvent’’ Systems at 298.15 K

Electrolytes Data Points %ARD

NaCl-KCla 6 1.37
NaCl-KBra 12 0.85
KCl-NaBra 18 0.93
NaBr-KBra 18 0.67
KCl-KBra 18 0.49
NaCl-NaBra 12 1.10
KCl-CsClb 35 0.58
NaCl-CsCc 42 1.46
Overall 161 0.93

aExperimental data are taken from Ref. 58.
bExperimental data are taken from Ref. 59.
cExperimental data are taken from Ref. 60.

Figure 9. Comparison of predicted and experimental
vapor pressure of aqueous electrolyte solu-
tions over a wide range of temperature.

Figure 10. Osmotic coefficient of a mixed-salt system,
KCl-NaBr in aqueous solution, at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Figure 11. Osmotic coefficient of a mixed-salt system
NaCl–CsCl, in aqueous solution, at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

AIChE Journal April 2011 Vol. 57, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1071



deviation found in hydroxides (OHA) and thiocyanates
(SCNA) is not fully understood. The presence of such a
strong base and/or weak acid may significantly alter the pro-
ton concentration and cause the formation of ion-solvent
complex (the local hydrolysis phenomena),50 which is not
explicitly accounted for in our calculations.

Also, listed in Table 3 are the ARD of the water activity
coefficient: Overall 0.62%, 1:1 electrolytes 0.11%, 2:1 and
3:1 electrolytes 0.83%, ionic groups 0.81%. Figures 5 and 6
illustrates water activity coefficient for several typical elec-
trolyte solutions. Although there is a larger deviation in the
calculated mean activity coefficient for electrolytes at high
concentration and high valence type electrolyte systems, the
performance in calculated water activity coefficient is, in
general, quite good. The main reason is that solvent (water)
is the major part of an aqueous electrolyte solution and the

variation of its activity coefficient with concentration is less
sensitive than that of the salt.

The predictions of vapor pressure for aqueous electrolyte
solutions at different temperatures for two typical systems
are illustrated in Figures 7 (CsCl) and 8 (CaCl2). The AAD
in the predicted vapor pressures of 16 systems (from 0 to
205�C, 1069 data points) are listed in Table 5 and shown in
Figure 9. The agreement between the predicted and the ex-
perimental vapor pressures are very good, with an average

absolute deviation in lnPvap (%AAD ¼ 100%
n

Pn
i¼1

ln
Pvap;cal
i

Pvap; exp
i

��� ���)
being only 2.28% (or equivalently an ARD of 2.30%). The suc-
cess in predicting vapor pressure of electrolyte solutions from
our model is remarkable since no temperature dependent param-
eter is used and all the universal parameters were determined
using data at 298 K. It is worth noting that some researchers51,52

use a temperature-dependent hydrated-ion radius in aqueous
electrolyte systems to obtain the proper temperature dependence
in the mean activity coefficient and the vapor pressure. Our
model correctly captures the temperature dependence in the
vapor pressure without using temperature-dependent radii.

Mixed-salt, single-solvent systems

The method proposed here is readily applicable to solu-
tions containing two or more salts. The overall ARD (Table
6) in the osmotic coefficient from eight systems (161 data
points) is very low, only 0.93%. Therefore, this method pro-
duces reliable properties for mixed salt systems.

Figures 10 and 11 illustrate two types of mixed salts sys-
tems: with and without a common ion. In Figure 10, the so-
lution, KCl-NaBr-water, contains four ionic species, while in
Figure 11 the system, NaCl-CsCl-water, contains a common
anion (Cl�). As can be seen that the method proposed here
is capable of describing both types of systems without the
need of using any adjustable parameters.

Single-salt, mixed-solvent systems

The overall %ARD in the predicted mean activity coeffi-
cient from two mixed-solvent systems, summarized in

Table 7. Percent Average Absolute Deviations (%ARD) in
Mean Activity Coefficient Calculation for ‘‘Single-Salt,

Mixed-Solvent’’ Systems at 298.15 K

Systema
%wt of Non

Aqueous Solvent Data Points %ARD

KCl-MeOH-Water 10 13 7.92
KCl-MeOH-Water 20 12 12.64
KCl-MeOH-Water 30 14 6.93
KCl-MeOH-Water 40 13 5.92
KCl-MeOH-Water 50 12 4.81
KCl-MeOH-Water 60 12 4.59
KCl-MeOH-Water 70 13 4.54
KCl-MeOH-Water 80 12 2.95
KCl-MeOH-Water 90 10 2.39
Overall 111 5.85
NaCl-EtOH-Water 20 28 1.59
NaCl-EtOH-Water 40 25 2.48
NaCl-EtOH-Water 60 24 3.68
NaCl-EtOH-Water 70 17 3.71
NaCl-EtOH-Water 80 15 9.66
NaCl-EtOH-Water 90 14 9.30
Overall 123 5.07

aExperimental data for KCl-MeOH are taken from Ref. 61.
Experimental data for NaCl-EtOH are taken from Ref. 62.

Figure 12. Mean activity coefficient of KCl in metha-
nol–water mixtures at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.

Figure 13. Mean activity coefficient of NaCl in ethanol–
water mixtures at 298.15 K.

Solid lines are predictions from this work. Open Symbols
represent experimental data.
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Table 7, is slightly larger, around 5%. These results are also
shown in Figures 12 and 13. A common feature observed is
the underestimation of mean activity coefficient compared to
experimental data. Part of the error from our calculation may
be a result of the pseudo-single solvent approximation used
in the calculation of the long-range effect (the PDH model).
(Note that the pseudo-single solvent approximation is not
needed is in the COSMO-SAC calculations.) Although the
error in our model for the ‘‘single salt, mixed solvents’’ sys-
tem is slightly higher, this model still captures the general
behavior of mean activity coefficient with different salt con-
centration and different ratio between alcohols and water.

Conclusion

In this work, a new activity coefficient model is developed
for the prediction of the properties of fully dissociated elec-
trolyte systems. The activity coefficient model contains a
long-range part based on the Pitzer-Debye-Huckel theory
and a short-range part based on the COSMO-SAC liquid ac-
tivity coefficient model. The interactions between different
types of species, including ions, ionic groups, hydrogen
bonding, and non hydrogen bonding, are considered explic-
itly (with 13 universal parameters). The uniqueness of this
approach is that it does not use any ion-solvent pair interac-
tion parameters and does not contain any ion specific param-
eter other than the element radius.

This model is validated using several representative prop-
erties for three types of systems including a single salt in
water, mixture salts in water, and a single salt in solvent
mixture containing water and alcohols. An excellent agree-
ment with experimental data is obtained for 1:1 electrolyte
systems and 1:1 mixed-salt systems. The error in the predic-
tions for systems containing multivalent ions is slightly
higher due to the breakdown of fully dissociation approxima-
tion used in our calculations. Nonetheless, the accuracy
should be satisfactory considering the small amount of uni-
versal parameters used. This method provides a variety of
properties of, in principle, any electrolyte solutions and is
especially useful when no experimental data is available.
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