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A rigorous approach is proposed to model the mean ion activity coefficient for strong electrolyte systems using
the Poisson-Boltzmann equation. An effective screening radius similar to the Debye decay length is introduced
to define the local composition and new boundary conditions for the central ion. The crystallographic ion size
is also considered in the activity coefficient expressions derived and non-electrostatic contributions are
neglected. The model is presented for aqueous strong electrolytes and compared with the classical Debye-Hiickel
(DH) limiting law for dilute solutions. The radial distribution function is compared with the DH and Monte Carlo
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Activity coefficient studies. The mean ion activity coefficients are calculated for 1:1 aqueous solutions containing strong electrolytes
Electrolyte composed of alkali halides. The individual ion activity coefficients and mean ion activity coefficients in mixed sol-
lon size vents are predicted with the new equations.

Poisson-Boltzmann equation © 2015 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

The Debye-Hiickel (DH) limiting law [1] is a monumental work for
electrolyte systems, followed by many equations developed for these
systems. Although it gives a good description for physical properties
for dilute solutions, it fails at high concentrations for real systems. An-
other defect is ignoring the size of ions, leading to large deviations
from real physical behavior. Fowler and Guggenheim [2] have improved
the DH theory with the Giintelberg charging model, with the central ion
and ion atmosphere being charged simultaneously. The equation can be
applied for electrolyte systems up to 0.1 mol-kg™!, even in mixed sol-
vent systems. Bromley [3] has introduced one more empirical term for
ionic strength, which can be applied for solutions at concentrations up
to 6 mol-kg ™. Mayer [4] has developed a DH equation with a statistical
treatment of ion-ion interactions, based on his theory of clusters of real
gases. Stokes and Robinson [5] have proposed the well known ionic
hydrate model for aqueous electrolyte systems at high concentra-
tions, assuming that the electrolyte dissociates and reaches ionic sol-
vation equilibria (chemical reaction) in the solution, fitting the ionic
hydrate numbers of water molecules and correlating the mean ion
activity coefficients of electrolytes from 0.1 to 4 mol-kg ™! with ex-
perimental data.

In the 1970s, the mean spherical approximation (MSA) [6,7] was de-
rived from the Ornstein-Zernike integral method. It is based on the
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linear Poisson-Boltzmann equation with an analytical solution for the
central ion and surrounded ionic cloud with finite size. The MSA has
been applied for the calculation of departures of real systems from
ideal ionic solutions, with the solvent as a dielectric continuum, called
primitive model. Ion radius and dielectric constant are fitted for osmotic
coefficients and activity coefficients of strong electrolyte solutions
[8-10]. In the correlation, the Pauling diameters are usually chosen for
the anion, while cation diameters are set as adjustable parameters for
the ionic strength. All these attempts exaggerate the size of smaller cat-
ions, which is interpreted as hydration. For larger ions, smaller diame-
ters are obtained, sometimes even smaller than crystallographic
diameters, which is difficult to be accepted. Simonin et al. [11,12] have
taken into account the concentration-dependent solvent permittivity
with the effect on the Helmholtz energy of the system, providing a bet-
ter description for real electrolyte systems. Besides, the MSA and ion as-
sociation have been applied together for 1:1 electrolytes in water with
adjustable ionic diameters and associate constant [13]. The MSA ap-
proach is also combined with the modified non-random two-liquid ap-
proach [14]. 1t is suitable for the description of mixed-solvent electrolyte
systems.

Outhwaite [15,16] has proposed a modified Poisson-Boltzmann
(MPB) equation to fit the ion size and exclusive volume of cloud ions.
The radial distribution function is represented as a symmetric function
when ion species have different valences or ionic radii. Comparisons
of the hypernetted chain closure (HNC) integral equation and Monte
Carlo (MC) method for systems with different ion sizes [17] indicate
that the symmetric Poisson-Boltzmann (PB) expression is viable for
the primitive electrolyte model at low concentrations with high quality.
Molero et al. [18] have made great efforts to examine the meaning of
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individual ion activity coefficients using the MPB equation and com-
pared them with the MSA, HNC and MC simulations. It is found that
the electric part of activity coefficient for single ion declines monotoni-
cally with the increases of ratio of cation to anion ionic size. Kjellander
and Mitchell [19] define a long range contribution as a charge distribu-
tion like “dressed ion”, called dressed ion theory (DIT), which follows
the DH expression. It assumes an effective point charge instead of bare
charge of ions, a decay length instead of DH length, and so on. With
these renormalized assumptions the entire theory can be cast in a linear
PB form. Varela et al. [20] have exploited the dressed ion model to obtain
static structure factors of bulk electrolytes or colloid systems and em-
phasized that the DIT is an exact theory, applicable for all primitive
model systems with symmetric and non-symmetric electrolytes. It ex-
tends the classical DH theory considerably and the results are valid
from low to finite concentrations. This theory is particularly useful in
explaining concentrated electrolyte solutions, colloid media, double-
layer, and interfacial phenomena in surfactant physics. On the basis of
modern density functional analysis, Abbas and Nordholm [21] have
considered long-range electrostatic interactions and short-range ion
size effects by a generalized van der Waals analysis, named the
corrected Debye-Hiickel (CDH). In this theory, all ions are assumed to
have the same diameter for symmetric salts, macro-ions or planner sur-
faces, with the excluded volume effect vanishing in the linear response.
A mean diameter of cation and anion according to the original DH the-
ory is used to fit experimental mean ion activity coefficients and osmot-
ic coefficients up to 1 mol-kg ™. A new approach to consider the ion
size of strong electrolyte has been made by Fraenkel [22], using the
distance of closest approach between opposite ions in the DH
treatment and defining another second distance of closest approach
of similar ion, called the Smaller-ion Shell model. It is a DH level
modification based on the LPB equation, providing some analytical
expressions for real electrolyte systems regarding ion sizes, ion
charges, and ion charge asymmetry. Although it is somewhat empir-
ical and complex in two specially defined ionic cases, it can be used
directly to correlate experimental activity coefficient data with ad-
justable parameters instead of numerical commutation such as inte-
gral equation methods.

The objective of this work is to develop a new mean ion activity
coefficient expression for strong electrolyte systems to describe ion
size contribution based on the Poisson-Boltzmann equation. Cations
and anions are considered as charged hard spheres of unequal size
dissolved in solvents. The ion size is more close to the real crystallo-
graphic diameters compared to other theories mentioned above by
fitting those as adjustable parameters. The electrostatic potential
distribution around the central ion is analyzed by introducing an
ion atmosphere assumption similar to that in the DH theory, only
the electrostatic forces between ions are considered, and the solvent
is viewed as a continuum with dielectric constant. New outer bound-
ary conditions for the PB equation are developed to obtain an analyt-
ical solution for electrostatic potential. The effective screening radius
is represented as an empirical expression of ionic concentration. The
derived mean ion activity coefficient equation is applied for single
salt in pure water, fitted with experimental data at 298.15 K. The in-
dividual ion activity coefficients and mean ion activity coefficients in
mixed solvent electrolyte systems are predicted with our model and
parameters.

2. Modeling for the Mean Ion Activity Coefficient

We start from single 1:1 strong electrolytes in pure water, with the
salt completely dissociating into ions, which are assumed as hard
spheres interacting through Coulomb forces in a dielectric continuum
solvent. For simplification, ion size and dielectric constant of solvent
do not vary with ionic concentration. Some theoretical relations used
here are based on the Debye-Hiickel theory [1] and the solutions at
low and moderate concentrations are considered. We first recall some

of the Debye-Hiickel theory to give a specific derivation of our model
and systems of alkali halides in water are investigated.

In the bulk thermodynamic relations of the Debye-Hiickel theory,
the non-ideality of solution is mainly attributed to the ion-ion interac-
tions. The chemical potential for a given ion can be described as a sum
of an ideal term and an excess term representing the electrostatic
force. The relationship of chemical potential and activity coefficient of
ion has been given elsewhere [1,5,24].

,U, ”Jldeal + ’u}electro (1)
'ujelectro —RT ln')’j (2)

Superscripts “ideal” and “electro” refer to the ideal solution and
electrostatic energy contribution, respectively, ; is the activity coeffi-
cient of ion j in the solution, R (8.314 kJ-kmol~'-K™) is the gas con-
stant, and T (K) is the general absolute system temperature.

The problem starts from how to determine the contribution of elec-
tric energy to the chemical potential. The DH theory calculates the local
potential of an ion due to its ionic atmosphere and gives a radial distri-
bution function using the Boltzmann law for ion j in the ionic atmo-
sphere. The same expression for the charge density is used for ion j.

P =P {_ s r)] 3)
pe(r> = ? p;z;e :Z Ziep;p exp |:_ Zjelp(r)}
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where p, is the average charge density at distance r from the central ion
in molar scale, z; is the valence of ion j, e (1.60218 x 10~ 19C) is the fun-
damental electronic charge, pjo is the overall average concentration of
jon j (mol-cm™3), and v indicates the local electrostatic potential out-
side the central ion. In Eq. (3), the Boltzmann distribution function is
used to describe the concentration of ions around the central ion rela-
tive to the distance from the central ion. The thermal kinetic energy kT
is assumed greater than the electrostatic energy zeys(r), similar to that
in the DH theory. The term e} _ pjoz; must be equal to zero, which indi-
cates the electroneutrality of the solution. Using the second term of the
Taylor series expansion in Eq. (4), the expression for the charge density
becomes

2
per) ==V 5 p 2 (5)

With the charge density p. similar to the DH theory, the Poisson-
Boltzmann equation can be obtained.

2
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where D is the dielectric constant of solvent given by
D = 4meyey (7)

ew is the relative dielectric constant of water and &y = 78.3, 4ngy =
1.11265 x 10~ '°C2-N~'-m~2, and the Debye length s is given by

2
2 4me 2
Kpy = DT ; PjoZ; - (8)
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Substituting Egs. (5) and (8) into Eq. (6), an analytical solution of the
PB equation is obtained.

W(r) = A exp(—Kpul) LB exp(Kpyr) )
r r

where parameters A and B can be determined from the boundary condi-
tions. In the DH theory, electrostatic potential ¢» approaches zero at in-
finity distance, so that parameter B is zero. However, this boundary
condition is not appropriate for moderate and high concentrations,
since the zero potential boundary would move from the infinite dis-
tance to the central ion as concentration increases. It seems that the
contribution of the last term in Eq. (9) should be introduced. A specific
analysis will be performed to obtain appropriate boundary conditions
for our modeling.

In electrostatic problems, it is important to determine the electric
potential and electric field for a certain charge distribution. We start
from the simplest case with a cation +q at (—1, 0) and an anion —q
at (+1, 0) in the same size as shown in Fig. 1(a). The electrostatic
field can be described by using the equal electric potential surface.
When the middle point O between +q and —q is used as the origin,
the potential at an arbitrary point P in the field is in accordance with
the superposition principle of electric potential [23].

(F)=x -2 (10)
i =

where F] denotes the location of the point charge characterized by

strength g;. Since the distances from the middle point to charges +q

and —q are equal, the electric potential at this surface equals zero,

which is the boundary condition for each charge, ¢y = 0.
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Fig. 1. The scheme of electrostatic potential. (a) the simplest case; (b) the second case.

Another case is given by a system consisting of a few charges with
anions and cations in a local composition, as shown in Fig. 1(b). With
the assumptions above, ions with the same charge may not have the
density of Eq. (3). By viewing the local composition as a sphere with or-
igin O, the charge function is presented using a charge shell of g with dif-
ferential elements dr.

q = 4mr’p,(r)dr (11)

At Point P, the electric potential can be obtained using Eq. (10)
by accumulating all the contribution of ions in this sphere. The
whole system is separated into many realms with this composition
assumption, as shown in Fig. 2. We define an effective screening ra-
dius 7 to present this local realm and make it a different meaning
from the DH theory. Two boundary conditions are used to deter-
mine T.

U(7;) =0 (12)

O
Fig. 2. The scheme of effective screening radius related to ionic size.

f:}j4nr2pe(r)dr = —ze (13)

It indicates the superposition principle of electric potential and
Eq. (12) presents a zero potential boundary. The total charge outside
the central ion must equal its opposite charge in the local area and
Eq. (13) indicates the local electric neutrality. It is easily deduced
from the Gauss law that the net flux of electric field through the
boundary surface at r = 7 is zero, which indicates a screening mech-
anism. Thus parameters A and B become

—zje-exp (ZKDH Tj)
D [ZKDHTj exp (KDH Tj) - (KDH()'j + 1) exp (ZKDHTj —KDH()'j) - (KDHU]» — 1) exp (KDHUJ-)}

(14)

A=

ze
D [ZKDHTj exp (KDHTJ-) - (KDHUj + 1) exp (ZKDHT]-—KDHUj) — (KDHU]-—l) exp (KDHUj)] )
(15)

B=

In these equations, the Debye length xp;! is well defined and can be
obtained in literature [1,5,24,25]. Unlike other models, the Pauling radii
o; of anions and cations are directly used as strong physical properties
here. The new defined parameter 7 will be discussed in Section 3. To
proceed further, one must separate the contribution to ys(r) due to the
ionic atmosphere from the contribution by the central ion in the ab-
sence of other ions, which is the so-called self-atmosphere potential:

o) =)= (16)

When the ionic atmosphere potential contribution ¢ is estimated at
r = oj on the surface of central ion j, we obtain

Zje

o(05) =w(o;) - Do, 17)

The remaining work involves relating the energy work in forming
the ionic atmosphere to activity coefficient ;. When the departure
from ideality is attributed to the effects of ion-ion interactions in
Eq. (1), the energy work is estimated as a difference in which the elec-
trostatic potential energy (W;®) of the central ion in the presence of all
the other ions with the infinite dilute solution as the reference state.

1
My = WS =W =5 ze0(0)) (18)

1
Iny; = SRTZiCP <O’j) (19)
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where Wjo indicates the electrostatic potential energy of ion in the infi-
nite dilute solution. Note that the activity coefficient estimated is in
molar concentration in Eq. (8). Experiments are usually performed at
constant pressure and molal concentration, corresponding to the
Lewis—Randall rule, while above assumptions are based on molar con-
centration and solvent properties are constant, corresponding to the
McMillan-Mayer representation. The charge density pjo in Eq. (8) has
to be converted to the molal scale. It has been argued that the conver-
sion between Lewis-Randall and McMillan-Mayer can be performed
according to the solvent density [26,27]. For dilute to moderate concen-
tration salt solutions, the values of molar volumes vary only a little [30],
so the effect due to volume change can be ignored. Thus, with the den-
sity of solvent, the molality concentration is introduced into the activity
coefficient equation:

Amgge kT 1\ 03

-1
K =(—s
bH <4ne2NAdW~(21
I=5Y mz (1)

where k = 138 x 10722 J-K~ !, Np = 6.022 x 10?3, ] (mol-kg~!) in-
dicates the ionic strength, kpy is the Debye decay length in molal
unit, and d, (kg-m™3) is the pure solvent density at system temper-
ature and pressure. The mean ion activity coefficient is defined as

Iny, = v, Iny, +v_Iny_) (22)

v++v,(

where v, and v_ denote the stoichiometric coefficients of cation and
anion, respectively, V. = v_ = 1; z, and z_ denote the valence of
cation and anion, respectively, z, = +1andz_ = —1 for alkali ha-
lides. By substituting the Pauling radius and potential Eq. (17) into
Eq. (22), we obtain

Iny. = 5pr 2.0(0) +2_(0)]- 23)

Using Eq. (23) with Egs. (9), (14), (15), and (17), the mean ion activ-
ity coefficients can be calculated.

3. Results and Discussion

The Debye-Hiickel model provides a rigorous theory for diluted
electrolyte solutions. The new mean ion activity coefficient expression
for dilute, moderate and higher concentrations obtained in this work
is checked with the DH theory in dilute solutions.

3.1. Comparison with the DH and Monte Carlo theory

In the low concentration range with I < 0.1 mol-kg™ !, the limitation
can be obtained with 7 > 0, 7_>» 0_, and kpyT_ = KpyT 4 > 1, where
o and o_ are the crystallographic size of positive and negative ions, re-
spectively. With these relations, Egs. (14) and (15) become

o zie-exp (KDHO'j) I

(KDH()'j + 1)

B—0. (25)

Using Eq. (9), the electrostatic potential is simplified to

zje-exp [KDH (oj — r)]

D(l + KDHUj>T

¥;(r) = (26)

where the electric potential expression outside the central ion is similar
to that of the DH theory, and parameter oj indicates the Pauling radius of
central ion instead of the nearest contact distance of the opposite ions in
the DH theory, which is usually set to the value of 0.400 or 0.425 nm [2,
38]. Although it is greater than the Pauling radius of ions, its influence
on the activity coefficients of ions is neglected for dilute solutions in
the DH limiting law [1]. In this work, cations Li*, Na*, K™, and Rb™
and anions CI~, Br—, and I are chosen to verify the expressions pre-
sented here. Pure water is used as solvent. 1:1 electrolytes composed
of these ions in aqueous binary systems are used at 298.15 K and atmo-
spheric pressure. The Pauling radii are taken from Ref. [25] and listed in
Table 1. For alkali metals and halogen elements, the radius of ion in-
creases with the index of element. Alkali metal ion radii are smaller
while halogen radii are larger than atom radii.

Parameter T; is the effective screening radius proposed in this work.
Itis a hypothetical variable to define the zero potential of screening local
components. No experimental data are available for comparison, so it is
expressed as an empirical expression related to the DH decay length and
the Pauling radius:

Kpy ! Koy ! d
T.=|a+bln[ PR 1] 4cDH Kpy (27)
O_j+o_i O_j“r()_i

=

Table 1
The crystallographic size of ions [25]

Index Atomic radius/nm [onic radius/nm
Li 3 0.157 0.076
Na 11 0.191 0.102
K 19 0.235 0.138
Rb 37 0.250 0.152
Cl 17 0.099 0.181
Br 35 0.114 0.196
I 53 0.133 0.220

where oj is the central ion radius and o; indicates the unlike
charge ion radius for 1:1 electrolyte systems. With the expression
of mean ion activity coefficient, effective screening radius, and pa-
rameters of the Pauling radii, 12 aqueous systems are investigated.
Three adjustable parameters a, b, and c in Eq. (27) are listed in
Table 2.

Another approach to check our model is the radial distribution
function

(28)

8ji(r) = Pio) _ exp {7—2,-6% (r)}

Pio kT

where gj;(r) is the radial distribution function with ion j as the cen-
ter and i indicates unlike and like charge ions in the effective

Table 2

Parameters a, b, and ¢ (d = 1/3)
lons a b c
Li* —1.08 2.00 3.00
Na® —0.18 1.70 2.70
K+ 1.40 1.50 2.00
Rb* 2.50 1.50 2.00
- 0.90 1.50 2.00
Br— 0.75 1.50 2.00
I~ 0.60 1.50 2.00
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screening radius. s(r) is calculated with Egs. (9), (14), (15), and
(27). The experimental results of the primitive model for an electro-
lyte solution are provided by the MC study, carried out by Card and
Valleau [28].

Fig. 3 compares our results with those from the Debye-Hiickel theo-
ry and MC simulations. At lower concentration ¢ = 0.1038 mol-L~ !, the

0 DH, ¢=0.1038 mol ™!
0 g+ MC®
35F . O g-MC* -
E B g+ this work
Y ®  g++, this work
3.0 é < g- -, this work T
L > g-+, this work
25k ;| —DH, c=1.968 mol L™ |
x o A g, MCY
=< 20 T v g-MC®
~— B A @ ¢ g++, this work N
%) <& g- -, this work
15k g * g+, this work _
* g+, this work
a ]
1>
10 F 8 DDD'D‘I}D oo DE,S
: @ 0d0-040 040 O
- 0@ od
0.5 ole 4
4 &
0.0 1 1 1 1
0.5 1.0 1.5 2.0

r/nm

Fig. 3. Comparison of the radial distribution functions.

DH theory, MC simulations and the expression in this work agree rea-
sonably well, indicating that our model obeys the DH theory for dilute
and low concentration solutions. At higher concentration ¢ =
1.968 mol-L™', g__ and g, . match the DH and MC values better,
but g, _ and g_ show distinctly smaller values than those with
the DH theory, while MC data present larger values. It is because
the MC and DH theories are carried out from the nearest contact dis-
tance 0.425 nm while this work uses gj;(r) that is from the radius of
central ion j. The boundary conditions are different with the DH the-
ory. In dilute solutions, the effective screening radius has a large
value and is in agreement with the DH law, while at high concentra-
tions, the tendency is in agreement. Using the parameters correlated
from experimental results in Table 2, the effective screening radii for
common cation and anion are investigated using Eq. (27). The DH
decay length is listed against the molal concentration of solutions
in Table 3.

For halogen anions, the effective screening radius decreases as
the central ion size increases at dilute to high concentrations. For

Table 3
The effective screening radius of central ions with common cation and anion

1173

alike metal cations, the effective screening radii increase as the cen-
tral ion size decreases in low concentration solutions, which can be
explained with the ionic hydration theory by Robinson and Stokes
[5] that smaller cations always have a larger hydration layer. At con-
centrations higher than 0.5 mol-kg ™', the ionic hydration layer may
be weakened and the cation is smaller with smaller effective
screening radius. For all concentrations considered, the DH length
is always smaller than the effective screening length. Here, the ef-
fective screening radius indicates the distance of zero electric po-
tential from the central ion. It has a considerable value compared
with the infinite distance of the DH theory with reference zero
potential.

To simplify the correlation, parameter d for all the ions is set to 1/3,
parameters b and c for larger ions are set to constant 1.50 and 2.00 as
shown in Table 2. Parameter a is correlated with the experimental
mean ion activity coefficient data in literature [29]. For cations Li* and
Na™ with smaller ionic size, parameters a, b, and c are correlated sepa-
rately. The calculated mean ion activity coefficients of four salts with
common anion CI~ are shown in Fig. 4 together with the experimental
values. The mean ion activity coefficients increase in the order
RbCl < KCl < NaCl < LiCl. The calculated results are in good agreement
with the experimental data in the dilute and saturated concentration
ranges. It is found that smaller cation size and effective screening radius
lead to greater mean ion activity coefficients at the same molality
concentration.

3.2. Application to 1:1 aqueous electrolyte systems

The results for some alkali salts with a common anion are shown in
Fig. 5, and the average absolute relative deviations (AARDs) are listed in
Table 4.

calc exp
Yii — ’yiﬁi
exp

Yii

1 Ndata
AARD =

(29)

100
Ndata i1 '

where Ny.¢a indicates the number of experimental data, and super-
scripts “calc” and “exp” refer to calculated and experimental values, re-
spectively. The mean ion activity coefficients increase in the order
MCI < MBr < MI, where “M” indicates alkali metals Li, Na, K, and Rb. Cal-
culated results agree with the measurements with high accuracy at di-
lute and moderate concentrations, as well as with the saturated
NaCl + H,0 and KCI + H,0 systems at 298.15 K. Thus this model
gives good prediction. With the increase of concentration and ionic
size, calculated results are clearly off the experimental results, because
larger ions and higher ionic strength have a greater influence on
molar volumes of solutions [30], which is neglected in this work.

m/mol-kg~! Kpy X 107 1/nm Common ion Na™ Common ion Cl™
Tc—/nm Tpr—/NM Tj—/nm Tii4/nm TNa+/NM Ti+/NM TRb+/NM

0.001 9.62 122.20 118.97 114.89 156.25 14045 122.90 132.03
0.002 6.80 78.19 76.00 73.24 98.47 88.96 78.89 85.41
0.005 430 4313 41.81 40.17 53.08 48.34 43.73 4791
0.01 3.04 27.39 26.49 2538 33.02 30.30 27.89 30.87
0.02 2.15 17.33 16.71 15.96 20.39 18.89 17.73 19.86
0.05 1.36 9.40 9.03 8.58 10.64 10.02 9.70 11.06
0.1 0.96 5.89 5.64 5.34 6.43 6.15 6.13 7.10
0.2 0.68 3.68 3.51 331 3.85 3.75 3.87 4.56
0.5 043 1.97 1.87 1.75 1.91 1.93 2.10 2.55
1 0.30 1.23 1.16 1.08 1.11 1.16 133 1.65
2 0.21 0.77 0.72 0.67 0.64 0.70 0.84 1.07
3 0.18 0.58 0.55 0.51 0.46 0.52 0.65 0.83
4 0.15 0.42 0.45 0.42 0.36 0.42 0.54 0.70
5 0.14 0.42 0.39 0.36 0.30 0.35 0.47 0.61
6 0.12 0.37 0.34 0.32 0.26 0.31 0.42 0.55
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Fig. 4. Mean ion activity coefficients of 1:1 electrolytes in water with common anion. Line:
our model; symbol: data in literature [29].
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Moreover, only the electrostatic force is considered in the modeling,
while solvent-ion and solvent-solvent interactions are ignored. The di-
electric parameter of the solvent is influenced by high concentrations
[31], which is set as constant here. These simplifications may be respon-
sible for the discrepancy from real chemical systems at relatively high
concentrations.

3.3. Correlation of the individual ion activity coefficient

Vera et al. [32,33] have demonstrated that the activity of individual
ions is a measurable property. Reliable values can be obtained in elec-
trochemical cells with a half-cell ion selective electrode and a standard
single junction reference electrode immersed in the sample solution.
Some experimental data of individual ion activity coefficients at
298.15 K have been published. In this model, the mean ion activity is
composed of the individual ion activity coefficient in Eq. (23), expressed
with Eq. (18). Fig. 6 shows that the individual ion activity coefficients
from our model are in agreement with measurements. For system
NaCl 4+ H,0, the mean ion activity coefficient values of Vera et al. are
systematically 0.5% higher than those of Hamer and Wu [29]. Our results
agree very well with Vera et al.'s values for NaCl and NaBr aqueous sys-
tems with AARD less than 2%, with a greater deviation for individual ion
Cl™ in system KCI + H,O. It can be figured out that the individual ion

o NaCl (b)

O NaBr

A Nal

1.0
0.9 .
0.8
~1 0.7 H

0.6

0.5

04 1 1 1 1 1 1 1

Fig. 5. Mean ion activity coefficients of 1:1 electrolytes in water with common cation. Line: this work; symbol: data in literature [29].
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Table 4
Average absolute relative deviation of this model
Molality/mol-kg ' AARD/%
0-8.0 19
LiBr 0-7.0 1.8
Lil 0-3.0 3.2
Nacl 0-6.2 0.9
NaBr 0-6.0 1.1
Nal 0-5.0 1.1
KCl 0-5.0 14
KBr 0-4.0 0.6
KI 0-3.0 0.5
RbCl 0-7.8 2.9
RbBr 0-5.0 2.8
RbI 0-3.0 3.5

activity coefficients are related to the size of other ions. The values of
Na* in system NaBr + H,0 are obviously higher than that in system
NaCl + H,0, and the values of CI™ in system KCl + H,O0 are also higher
than that in system NaCl + H,0. Our model can present this tendency of
individual ion activity coefficients. Because of limited experimental data
for individual ion activity coefficients, a further comparison is not
available.

T T T T T T T T T T T

1.4 - o Na',[32] (a) 7
[ o CI,[32]
13 —
| A NaCl, [32]
1oL | vV NaCLp28) i
—— model

0.5 " 1 " 1 " 1 " 1 " 1 " 1

3.4. Prediction for single and mixed solvent electrolyte systems

The mean ion activity coefficients in water-alcohol mixtures are
also considered. Available data of NaCl, NaBr and KCI [34-37] in
water-methanol and water-ethanol mixtures are used to check the
predictability of this model. By assuming the solvent as a continuum
medium for the electrolyte systems, the mixing rules for mixed sol-
vent are

d=3% o, (30)
AR

¢ == (31)
’ ; XSVS

D=3 oD (32)

where V, (m*-mol~!) is the molar volume of pure solvent s, d and
ds (kg-m~3) represent the density of mixed and pure solvents, re-
spectively, D and Ds represent the dielectric constants for mixed and
pure solvents, respectively, ¢’ is the salt free volume fraction of solvent

1.1 T T T T T T T T T T
o Na',[32] b
O Br.[32) ( )
10 A NaBr, [32] o
model

0 1 2 3 4 5 6
m/ mol-kg'l
T T T T T T
1.0 o K, [32]
o CI,[32]
a A KCL[32]
0.9 & model

Fig. 6. The individual ion activity coefficients of 1:1 electrolytes in water. Line: our model; symbol: data in literature [28,32].
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s, and x,’ is the salt free mole fraction. By using the mixed solvent prop-
erties d and D, the mean ion activity coefficients are predicted by cover-
ing 0 to 100% mass fraction of water in water-organic mixtures at
298.15 K.

The correlated results are compared with the experimental data in
Fig. 7. The prediction is excellent for the mixed solvent system at low
concentrations with larger water mass fraction. The mean ion activity
coefficients decrease greatly as the salt free water composition de-
creases. Larger deviations are observed for the system with higher or-
ganic mass fraction. For the arbitrary parameter in Eq. (25), larger
deviations may be caused by: (1) the mixing rule for mixed solvent
and ionic concentration independent of dielectric constant; (2) parame-
ters a, b, and c for aqueous systems; (3) small values of mean ion activity
coefficients; and (4) measurement uncertainties. Predicted results
match the data well and show appropriate tendency. Overall, the
AARD of our results is less than 4.6%.

4. Conclusions

A new activity coefficient model for aqueous strong electrolyte
systems is presented where ion size parameters and new boundary
conditions are used to obtain an analytical solution of the PB equa-
tion. A new electrostatic potential equation is used and the radial

1.0 - (a)

09
w=100 %

w=80 %
w=60 %
w=40 %
w=20 %
w=10%
w=0 %

—— model 0.00 002 004 006 008 0.1

0.9 H

08 (i

vAOJdD>OD

12 . . .

11 (C) o w=100%
L o w=80%
10k A w=60%
! v w=40%
q <& w=30%
0.9 4 w=20%
> w=10%

0.8 [ * w=0%

—— model

0.3 " 1 " 1 " 1 "

m/ mol-kg']

distribution functions match the MC and DH theories at low
concentrations.

With the assumption for effective screening radius, activity coeffi-
cient expressions are given. Calculated results agree with the experi-
mental data for dilute, moderate, and even high concentrations
(>6 mol-kg~!) with acceptable deviations. The mean ion activity coef-
ficients of alkali halides with common anion decrease with increasing
size of cation, and the values with common cation increase with the
size of anion.

The individual ion activity coefficients are represented with our
model for aqueous electrolyte systems at 298.15 K. The activity coeffi-
cients of common cation increase with anion size and those of common
anion increase with cation size. This tendency can be well reproduced
with the derived expressions. Water-alcohol electrolyte systems are
predicted and a good tendency is obtained compared with the experi-
mental data. It proves that the model can be used for prediction of elec-
trolyte systems.
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