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Abstract

This paper focused on enhancing Pitzer equation and its application for calculating
activity and osmotic coefficients. Proposed modification specifically addresses long-
range term, as expressed by Debye-Hiickel equation, which accounts for size of ions in
aqueous solutions. Additionally, experimental data for osmotic and activity coefficients
of 103 strong electrolyte systems, including 1-1, 1-2, 2-1, 2-2 and 3-1 electrolytes, as well
as 27 ternary systems, were herein correlated. Results obtained from the modified model
were compared with those from original Pitzer parameters and other existing models.
Improved thermodynamic model demonstrated significant utility in efficiently computing
activity and osmotic coefficients, offering an accurate representation of deviations from
ideality in electrolyte solutions. Furthermore, the modified model enabled precise
predictions of salt solubility in aqueous solutions containing multiple electrolytes.

Keywords: osmotic and activity coefficients; Pitzer model; strong -electrolytes;
thermodynamic modeling.

Introduction

Electrolyte solutions find applications across physical sciences, including
chemistry, geology and material science. They play a crucial role in numerous
engineering fields, especially in chemical, biochemical and hydrometallurgical
applications. Moreover, they are essential in electrical and petrochemical
engineering, as well as in water hydrolysis for hydrogen production. Efficiently
managing and monitoring industrial processes involving electrolytic solutions
demands either experimental data or a model capable of accurately regenerating
data that describes non-ideal behavior in mixtures associated with these processes.
Undoubtedly, opting to develop a model emerges as the most economically
efficient approach.

Several models have been developed and presented in literature for aqueous solutions
of electrolyte systems [1-21]. Most of them include a term expressing short-range
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interactions while utilizing Debye—Huckel equation [1] to account for long-range
interactions. Well-known models employed in literature are Pitzer [8-11],
Electrolyte—NRTL [12, 13], eUniquac [14-16], Pitzer-Simonson Clegg [17, 18],
NRTL-NRF [19] and modified Wilson model for electrolytes [20, 21].

Pitzer model is widely employed to describe electrolytic aqueous solutions [8-11,
22-33]. Its expression utilizes Virial equation for short-range term and includes
two non-linear parameters that are fixed (o and b), along with three other linear
parameters B®, B and C A‘fxadjusted based on experimental data. Numerous
studies discussed in literature aim to enhance this thermodynamic model [22-33].
Pitzer model has been recently investigated by [22], aiming to establish
correlations between its parameters and thermodynamic properties of the solution.
Authors analyzed both original and optimized parameters from osmotic coefficient
data for simplified Pitzer models, excluding third virial coefficient. However, the
paper, while appropriately addressing osmotic coefficient, lacks discussion on
activity coefficient, limiting comprehensive understanding of chemical
phenomena in aqueous solutions.

Pitzer interaction parameters have been re-estimated by [23] for 93 electrolyte systems
1-1 through least-squares analysis of experimental osmotic coefficient data at 25 °C.
Authors have provided a table of Pitzer parameters and their associated standard
errors, derived from published data. They have concluded that newly estimated Pitzer
parameters consistently illustrate enhanced fits compared to published interaction
parameters values, and quality of the fit consistently exceeds that attained with earlier
parameters. They have deduced that differences between their estimated parameters
and published values primarily center around (1) parameter, and relative standard
error in (1) parameter depends on maximum molality.

Tests on Pitzer model have been conducted by [24, 25], treating coefficient b in
Debye-Hiickel equation as an unknown parameter. In these studies, modifications
have been made to short-range contribution by omitting third virial parameter C 13 ¥
and it has been concluded that optimal b values, differing from traditional 1.2,
enhance precision in linear model.

Accuracy of Pitzer model in describing thermodynamic properties of aqueous
electrolyte solutions has been assessed by [26], focusing on mean ionic activity
coefficient using experimental data. While appropriately addressing activity
coefficient, the paper unfortunately neglects osmotic coefficient, hindering a
comprehensive understanding of chemical phenomena. Limited to type 1-1
electrolytes, it narrows its scope, omitting crucial information on other electrolyte
systems, thereby restricting its relevance.

As universal parameter b is not a measurable quantity, its value is chosen to be 1.2,
being theoretically linked to the distance at which significant ion-ion repulsion
forces begin. The value of this parameter is determined based on average distance
of approach from two ions of opposite charge, which is assumed to be the same
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for all ions in the system. This parameter is introduced by Debye-Hiickel factor to
account for the distance of closest approach, being considered as proportional to
ion size. Debye-Hiickel equation for estimating ionic activity coefficients has been
revised and extended by [34], considering diameter of hydrated ions. A higher-
order parameter extended Debye—Hiickel equation has been used by [35-39] to
describe osmotic coefficient and mean activity coefficients of uni-univalent
electrolytes in water at 25 °C. Constant in Debye—Hiickel equation related to the
distance of closest approach is considered an unknown parameter, being adjusted
for each single electrolyte system [24, 25, 35-39].

The aim of the present study was to modify long-range term of Pitzer model by
incorporating considerations for ion size. Effective diameter of hydrated ion has
been integrated, as outlined by [34]. Parameter optimization process for modified
model involved using experimental data from various sources [35-41], at a
temperature of 298.15 K.

Thermodynamic model framework

Excess Gibbs energy equation given by Pitzer model [8-11] for a solution
containing nw kg of solvent and ni, nj,... moles of solute species 1, j,... is expressed
as follows:

G* 1 1
e n,, fp_y (1)+ n—ZKij (In;n, +—2§uijk (I)n;nn, (1)
w o ij wij

where A;j(I) and pix represent short-range binary and ternary interaction
parameters, respectively, which parameters are analogous to second and third virial
coefficients. I is ionic strength given as:

= %Zmizf 2)

where m; and z; are the molality and the charge of ion i, respectively.

In 1923, Debye and Hiickel [1] have proposed a foundational theory concerning
strong electrolytes, fully dissociated in the solvent, applied to highly diluted
solutions. The theory addressed interionic attraction, emphasizing electrostatic
forces between oppositely charged ions, leading to organized ion distribution and
crucial potential energy considerations. Hiickel has later refined the theory by
introducing a term accounting for decreased dielectric constant due to increased
concentration, addressing short-range effects in ion-solvent and ion-ion
interactions. Several studies proposed modifications to Debye—Hiickel equation
[24, 25, 35-39], so as to enhance its applicability across various concentrations.
Adjustments typically involve key parameters like Debye-Hiickel constant (A) and
factor b (distance of closest approach). Some authors arbitrarily set Debye-Hiickel
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parameter at 1.2, while others, like in the works reported by [24, 25], argue for
variations based on solute-solvent systems, challenging conventional value,
especially at higher concentrations. Constant b considers hydrated ion radius,
commonly assumed to be 3.04 A [42] or 4.0 A [43]. However, different studies
suggest a range from 2.5 to 11 A [34] or 3.5 to 6.2 A [44]. In this work, Debye-
Huckel equation was modified to accommodate ion size, expressing it as the mean
between anion and cation contributions:

fon(l)==> {vi 4A¢Iln(1+B-riII/2)}/v 3)

i=c,a B- 5

where A, is Debye-Huckel constant (0.39095 at 298.15 K), 1; is hydrated radius,

v; is number of ion i per molecule of electrolyte and V=V +V, . B is a constant

2
(B= 8:-m-e” N, -po ), € is dielectric costant, Na is Avogadro number, Ky is
1000-¢-K, -T

Boltzmann constant, e is electronic charge, po is solvent density and T is

temperature in K. Value of B is equal to 0.3287 [45, 46]. Activity and osmotic
coefficients were obtained by derivation of excess Gibbs energy given by Eq. (1):

1 [o(G™/rT)

d)_l:_Zmi on,, @
1
o(G™/RT)
In(v.)=| " 7/
n(y;) o )

1

Several simplifications were employed when developing original Pitzer model [§].
Expressions detailing osmotic coefficient of single electrolytes are provided as
follows:

3/2
o—1= zMzng_H + 2m(%jﬁf/{x +2m? L%JC&X (6)

32
ln(yMX) = ZpZx (D + Zm(VMVX j Ix + 2m? {MJ Clx (7)
v v

where terms fg_H and f}} | are:

T _|Ip-H || _ 9 M X 8
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| JI 2
+ In{1+[B- \/f
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Second Virial coefficient, Bmx, is empirically determined and influenced by ionic
strength. Pitzer [8] has formulated a model for electrolytes, introducing specific
interaction parameters, B9 and BV, where a; is associated with ') and equals
2.0 kg'?/mol"'?. These parameters correspond to second Virial coefficient, Bumx,
along with Cg, which corresponds to third Virial coefficient, Cmx. Values for these
parameters have been determined by [9] for various electrolytes, and optimized by
using data from literature [47]. Finally, Bmx parameter was calculated as follows:

Blix = [3MX + BMX exp( \/T) (10)

Bl =280 + 2BMIX { (1+ o1 —%alzljexp(—alﬁ)} (11)

al

In 1974, [9] have introduced a parameter with an associated parameter, a2, equal to
12 kg'">/mol™'”? for type 2-2 electrolytes. In this context, a; is set at 1.4 kg"?/mol '
to replicate the behavior of these electrolytes at molalities below 0.1 mol/kg!.

Bhix = Btk + Btk exp (—au, VT )+ Bk exp (-0, VT) (12)

Ui = 2B + ZBMIX [ (1 + oI —;afljexp(—alﬁ )}

OH

(13)
ZBMX { (1+a2ﬁ_;a§IJexp(—a2\ﬁ)}

OLZI

Third virial coefficient, C&X, contributes to computation of osmotic coefficient

and activity coefficient, although it is independent of ionic strength. C}i is
calculated using the following relation:

3
Cux = Ecﬁ/{x (14)

Egs. (6-14) represent expressions for osmotic and activity coefficients in modified
Pitzer model. The model reanires three hinarv interaction narameters R0, B(D and
(?.. at room temnerature for sinole electrolyte svstems. 1:1. 1:2.2:1_and 1:3. and
four parameters, B, B 1, @ and Cl, for single electrolyte systems 2:2.
Hydrated radii of ion, Wthh are involved in modified Debye-Huckel expression,
were taken from [34] and are presented in Table 1. To determine interaction
parameters on single salt systems, a nonlinear least squares method employing
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Particle Swarm Optimization (PSO) algorithm [48,49] is utilized. This approach
fits the model to experimental values of ionic activity (7y,) and osmotic
coefficients (¢ ) at a given temperature. Optimization process minimizes sum of
sauared deviations from experimental data, as defined by objective function
F(B(O)aﬁ(l)aB(Z):Cf\)/[X):

o)

N

0) g g o )" (n757) (1)

F(B BB aCMX):Z
5 (8B Clix ) - dix

ex
MX.i

2

where ndata represents total number of data points.

Table 1: Hydrated radii of ion involved in modified Debye-Huckel expression, as taken
from [34].

Ions Parameter a;
H* 9
Li* 6
Rb', CS*, NH,, TI*, Ag" 2.5
K, CI, Br, I, CN, NO,, NO3- 3
OH, F, NCO", NCS,, HS, ClOs, ClOy4, BrOs, 104, MnO4 ,HCOO- 3.5
Na',CdCI, Cl1O,, 105, HCOs, HoPOs, HSOs5, H,AsO4,CH3COO" 4.5
802'4, S202'3, S202'6, Cr02'4,HP02‘4, PO3'4 4
Pb2+, C02'3 ,802'3, M002'4 4.5
SI‘2+, Ba2+, Cd2+, 8202'4 5
Ca?",Cu*',Zn**, Sn?**, Mn?*, Fe?*, Ni**, Co?*", 6
Mg2+, Be2+, 8
Al3+,Fe3+, CI'3+, SC3+, Y3+, La3+, In3+, CC3+, PI'3+, Nd3+, Sm3+ 9

Results and discussions

Estimation of single electrolyte parameters

Interaction parameters and representation of experimental data for mean ionic
activity and osmotic coefficients for 103 single electrolyte systems at 298.15 K are
presented in Tables 2-6. These tables include 48 systems of type 1-1 (Table 2), 8
systems of type 1-2 (Table 3), 30 systems of type 2-1 (Table 4), 7 systems of type
2-2 (Table 5), and 10 systems of type 3-1 (Table 6). Experimental data for these
systems were obtained from the literature [35-41,47].

The study compares, at 298.15 K, predictions of mean ionic activity coefficients
at infinite dilution obtained with different formulations of Debye—Hiickel
contribution: the model proposed in this work, those of [24, 25, 35-37], and
original Pitzer model with b = 1.2. Unlike Pitzer model, the latter three expressions
for DH contribution treat parameter b as an unknown variable, which is optimized
jointly with the other parameters of Pitzer model. Figs. 1 and 2 present predicted
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mean ionic activity coefficient at infinite dilution using different Debye—Hiickel
contributions. It appears, from these figures, that DH contribution used in the
present work, as well as different DH formulations that treat b as unknown, deviate
from data obtained in the case of DH with b=1.2, and tend to converge toward data
of [35, 36 and 37], for 1-1, MgCl>-H>0 and Na>SO4 systems, respectively.
Evaluated interaction parameters, and results of representation of mean ionic
activity and osmotic coefficients experimental data for 103 single electrolyte
systems at 298.15 — 48 systems of type 1-1, 8 systems of type 1-2, 30 systems of
type 2-1, 7 systems of type 2-2, and 10 systems of type 3-1, are presented in Tables
2-6, respectively. Experimental data of osmotic and activity coefficients of these
systems are collected from literature [36-41,47].

1.00
—— CsNO3 (This work) 1.00 —— HCIO4This work)
‘ _EZ§8§ zgi‘;;')v‘”m“m —— HCIO4(Pérez-Villascfior)
0.954 B CsNO3 (Hamer & Wu) 0.95 - HCIO4(Pitzer)
. B HClO4(Hamer & Wu))
0901 0.90
085 085
0.80 - 0.80
0.75 0.751
0.70+ 0.70 1
000 002 004 006 008 010 000 002 004 006 008 0.0
m (mol/kg) m (mol/kg)
(a) (b)

Figure 1: Mean ionic activity coefficients at infinite dilution of single electrolytes — (a)
CsNOs and (b) HCIOg4, at 298.15 K.

—— MgCI2(This work) Na2S04(This work)

0.9 1 —— MgCI2(Pérez-Villasefior) 0.9+ Na2S04(Pérez-Villasciior)
MgCI2(Pitzer) Na2SO4(Pitzer)
B MgCI2(Goldberg & Nuttall) B Na2SO4(Goldberg)
0.8 0.8
0.7 1 0.7
- >
0.6 1 0.6
0.5+ 0.5
0.4 0.4

0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10

m (mol/kg) m (mol/kg)
(@ (b)
Figure 2: Mean ionic activity coefficients at infinite dilution of single electrolytes- (a)
MgCl; and (b) Na>SOg4, at 298.15 K.
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Table 2: Modified Pitzer model parameters for electrolyte systems 1-1 at 298.15 K.

Electrolyte 1-1 Modified Pitzer model Pitzer model
Mpmax B(o) B(l) C¢MX Oy O Oy G¢
AgNO; 6 -0.072 0.1284 0.0051 0.0012 0.006 0.007  0.005
CsAc 35 0.17 0.3741 -0.0065  0.0011 0.001 0.002  0.001
CsBr 5 0.037 0.1704 0 0.0014 0.001 0.011  0.002
CsCl1 6 0.045 0.1587 -0.0009  0.0005 0.0005 0.002  0.002
Csl 3 0.04 0.1479 -0.0053  0.0006 0.000 0.007  0.002
CsNOs; 14 -0.126 0.2236 0.0358 0.0008 0.001 0.009  0.003
HBr 3 0.188 0.1789 0.0077 0.0004 0.000 0.005  0.003
HCl1 6 0.1887 0.0269 -0.0030  0.0011 0.001 0.005  0.004
HCIO4 6 0.157 0.1471 0.0097 0.0018 0.0016 0.010  0.002
HI 3 0.219 0.2941 0.0028 0.0004 0.000 0.013  0.003
HNO; 3 0.115 0.1546 -0.0075  0.0007 0.0005 0.012  0.010
Kac 3.5 0.158 0.3189 -0.0064  0.0011 0.001 0.001  0.001
KBr 5.5 0.066 0.3016 -0.0023  0.0004 0.000 0.001  0.001
KCl 45 0.057 0.2857 -0.0014  0.0006 0.0004 0.002  0.0009
KCNS 5 0.046 0.2756 -0.0026  0.0010 0.001 0.002  0.001
KF 4 0.086 0.2548 0.0005 0.0004 0.001 0.002  0.001
KH,PO4 1.8 -0.111 0.0445 0.0195 0.0005 0.000 0.011  0.003
KI 45 0.084 0.3317 -0.0049  0.0007 0.001 0.002  0.001
KNO; 35 -0.071 0.141 0.0056 0.0007 0.001 0.009  0.003
KOH 6 0.162 0.2039 -0.0011  0.0008 0.001 0.017  0.010
LiAc 4 0.092 0.1129 -0.0029  0.0019 0.002 0.006  0.001
LiBr 6 0.171 0.1965 0.0051 0.0027 0.002 0.006  0.004
LiCl 6 0.144 0.2336 0.0039 0.0029 0.003 0.005  0.003
LiCIO4 4 0.186 0.3259 0.002 0.0021 0.002 0.005  0.002
Lil 3 0.159 0.4957 0.0159 0.0028 0.003 0.016  0.008
LiNO3 6 0.137 0.2046 -0.0055  0.0010 0.0010 0.006  0.003
LiOH 45 0.058 -0.281 -0.0074  0.0007 0.000 0.038  0.025
NaAc 3.5 0.117 0.281 0.0000 0.0041 0.0039 - -
NaBr 4 0.095 0.2784 0.0021 0.0008 0.0007 0.002  0.002
NaBrO; 2.5 -0.03 0.1845 0.0082 0.0010 0.001 0.002  0.001
NaCl 6 0.076 0.2657 0.0013 0.0007 0.0006 0.002  0.001
NaClOs 3.5 0.014 0.2551 0.0025 0.0004 0.000 0.005  0.001
NaClO4 6 0.05 0.2516 -0.0006  0.0008 0.001 0.001  0.001
NaCNS 4 0.097 0.3075 -0.0008  0.0006 0.001 0.011  0.009
NaF 1 0.022 0.1759 -0.0047  0.0003 0.000 0.001  0.001
Na formate 3.5 0.068 0.2834 -0.002 0.0006 0.001 0.004  0.003
NaH,PO4 6 -0.064 -0.013 0.0087 0.0053 0.005 0.010  0.005
Nal 35 0.127 0.2909 -0.0002  0.0005 0.000 0.006  0.002
NaNO; 6 0.004 0.1909 0 0.0012 0.001 0.003  0.002
NaOH 6 0.089 0.2127 0.0032 0.0028 0.0026 0.007  0.006
NH4H,PO4 3.5 -0.0707  -0.2763  0.0072 0.0145 0.0048 0.0901  0.021
NH4Cl 7.4 0.0649 0.3095 -0.0037  0.0008 0.001 0.0015  0.001
NH4NO; 6 0.003 0.1617 -0.0016  0.0015 0.001 0.012  0.002
RbAc 3.5 0.1681 0.3497 -0.0061  0.0005 0.0007 0.003  0.001
RbBr 5 0.056 0.2461 -0.0028  0.0008 0.001 0.001  0.001
RbCl 5 0.061 0.2447 -0.0025  0.0005 0.000 0.001  0.001
RbI 5 0.055 0.2336 -0.0024  0.0007 0.001 0.001  0.001
RbNO; 45 -0.07 0.1203 0.0059 0.0022 0.002 0.007  0.003
Overall deviation 0.001 0.001 0.006___0.003

Table 3: Modified Pitzer model parameters for electrolyte systems 1-2 at 298.15 K.

Electrolyte 1-2 Modified Pitzer model Pitzer model
M @/3)BY  @3)pY  (2*53 Clmx oy O Oy O
(NH4)2S04 4 0.108 1.325 -0.0094 0.0047 0.007  0.020 0.004
K>S04 0.7 0.207 0.5081 -0.1033 0.0016 0.001 0.022  0.007
Li>SO4 3 0.121 0.5538  -0.001 0.005 0.004 0.010 0.005
NaySO4 4 -0.009 0.9316  0.0150 0.0047 0.005 0.008 0.009
Cs2S04 1.63 0.277 1.2279  -0.0773 0.002  0.002 0.029  0.008
Na2CrO4 4 0.067 1.3957  0.0166 0.0287 0.005 0.031 0.002
Na,S203 3.5 0.052 1.1586  0.0125 0.002  0.002 0.010 0.003
Rb2SO4 1.8 0.202 1.3796  -0.0445 0.0023  0.0020 0.029  0.007
Overall deviation  0.0062 0.0036 0.0215 0.0056
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Table 4: Modified Pitzer model parameters for electrolyte systems 2-1 at 298.15 K.

Electrolvte 2-1 Modified Pitzer model Pitzer model
y m 43)BY 4/3)BY (225/3 C*mx oy Go Gy Gy
BaBr; 2 0.447 1.9768 -0.0416 0.0022 0.002 0.009 0.003
BaCl, 5.1 0.3529 1.9225 -0.0289 0.009 0.005 0.022 0.005
Bal, 2 0.544 2.6241 -0.0182 0.002 0.002 0.023  0.005
CaCl, 5 0.424 1.9595 -0.00128 0.011 0.010 0.012 0.0071
CaCl, 6 0.424 1.9595 -0.00128 0.0153 0.0152 0.028 0.0202
Cal, 2 0.422 1.9413 -0.0037 0.0014 0.0014 0.255 0.117
Cd(Cl10y) » 1.928 0.504 2.5889 0.0418 0.0053 0.0018 0.021 0.005
Cd(NO») 2 6 -0.0097 -2.3777 0.0101 0.0413 0.0132 0.0312 0.0133
Cd(NOs3)» 2.638 0.3928 2.391 -00496 0.0049 0.0038 0.0055 0.0037
Co(ClOy) 2 3.5 0.6273 2.5231 0.0651 0.0096 0.0067 0.0453 0.0175
Co(NOs3) 2 5.5 0.4103 2.1044 -0.0128 0.0089 0.0057 0.0150 0.0077
CoBr; 5 0.5840 2.0905 -0.0197 0.0258 0.0187 0.1585 0.1241
CoCl, 4 0.4847 1.8541 -0.0298 0.0135 0.0079 0.0136 0.0109
Col, 6 0.7537 1.6772 -0.0297 0.0764 0.0754 0.2851 0.2322
CuBrn; 35 0.5488 2.1369 -0.0804 0.0077 0.0045 0.0173 0.0056
CuCl, 6 0.315 2.0801 -0.0328 0.0248 0.023 0.246 0.203
Cu(ClOy), 3.5 06291 2.0435 0.0120 0.0205 0.0103 0.0317 0.0183
Cu(NO3), 6 0.373 2.0904 -0.0155 0.0037 0.003 0.255 0.192
FeCl, 2 0.4670 1.6504 -0.0261 0.0037 0.006 0.014 0.007
MgBr; 5 0.56 1.9122 0.0086 0.005 0.004 0.0071 0.004
MgCl, 5.925 0.458 1.8144 0.0112 0.0133 0.0071 0.014 0.006
Mgl 5 0.641 1.9746 0.0165 0.005 0.004 0.004 0.004
NiCl, 5 0.508 1.7399 -0.0267 0.014 0.013 0.091 0.076
Pb(ClO4) 6 0.435 2.0453 -0.0153 0.002 0.002 0.018 0.005
Pb(NO:3), 2 0.078 -0.599  -0.0545 0.006 0.005 0.061 0.014
SrBr; 2 0.438 2.5 0.0072 0.0019 0.0015 0.011 0.002
SrCl, 4 0.39 2.0347 -0.0044 0.005 0.005 0.034 0.008
Srl, 2 0.526 2.7673 0.0124 0.003 0.002 0.032 0.013
ZnCl, 6 0.121 2.8134 0.0005 0.026 0.019 1.966 1.447
Zn(ClO4), 4 0.653 1.997 0.0246 0.00922 0.0082 0.012 0.009
Overall deviation 0.0116 0.0105 0.1281 0.0888

Table 5: Modified Pitzer model parameters for electrolyte systems 2-2 at 298.15 K.

Electrolvte 2-2 Modified Pitzer model Pitzer model

y g BD  Clux B oy 6 oy G4
BeSO:4 4 0.19 0.8707 0.021 -12.5048 0.0024 0.0026 0.003 0.001
MegSOu4 3 0.091 1.2462 0.0417 -82.4804 0.004 0.001 0.121 0.004
MnSOs4 4 0.11 1.4996 0.0277 -57.6076 0.019 0.004 0.208 0.005
NiSOu4 2.5 0.053 1.6331 0.0561 -61.8366 0.004 0.002 0.049 0.004
CuSOq 14 0.105 1.2429 0.0285 -50.3131 0.012 0.0015 0.009 0.003
ZnSOu4 3.5 0.086 1.5074 0.0455 -78.9224 0.060 0.006 0.101 0.008
CdSOu4 3.5 0.135 1.5862 0.0195 -46.1812 0.020  0.003 0.014 0.003

Overall deviation 0.017  0.003 0.072 0.004

Table 6: Modified Pitzer model parameters for electrolyte systems 3-1 at 298.15 K.

Electrolyte 3-1 Modified Pitzer model Pitzer model
m G2 B2V (3*5/2)CPmx oy Go Oy Gy

AlCl; 1.8 1.039 7.1101 0.0117 0.0100 0.0140 0.074 0.009
CeC; 2 0.901 6.4469 -0.0714 0.0155 0.0183 0.091 0.013
CrCl; 1.2 1.131 6.2978 -0.1462 0.0029 0.0078 0.047 0.005
Cr(NO3) 3 1.4 1.065 6.1218 -0.1632 0.0065 0.0100  0.060 0.004
LaCl; 2 0.905 6.5037 -0.0779 0.0106 0.0144  0.006 0.009
NdCls 2 0.907 6.3547 -0.0688 0.0110 0.0145 0.082 0.009
PrCls 2 0.898 6.3966 -0.0715 0.0093 0.0134  0.080 0.007
ScCl; 1.8 1.049 6.2873 -0.0853 0.0074 0.0116 0.070 0.005
SmCl; 2 0.924 6.5152 -0.0689 0.0110 0.0145 0.082 0.008
YCl3 2 0.946 6.4441 -0.0522 0.0124 0.0155 0.082 0.010

Overall deviation 0.010 0.013 0.067 0.008
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The performance of this model was compared to that of other models in literature
by examining their standard deviations, defined as follows:

Ndata /2 Ndata /2

2 2
> (Inviix —In vk ) > (oS — 0%k )
G, = and Gy = ! (16)
Ndata Ndata

For comparison, interaction parameters of Pitzer model were collected from
various sources [8-11, 27-33]. In most cases, despite Pitzer model and modified
model sharing the same number of parameters, the model developed in this study
demonstrates strong alignment with experimental data concerning mean ionic
activity and osmotic coefficients in aqueous solutions. Indeed, for single 1:1
electrolyte system, the model achieves a standard deviation of around 0.001 for
both activity and osmotic coefficients (Table 2). This represents a higher precision
compared to original Pitzer model [8-11], which reports standard deviations of
approximately 0.006 and 0.003 for activity and osmotic coefficients, respectively.
As shown in Figs. 3a and 3b, both Pitzer three-parameter model and modified
model are applied to fit 1:1 electrolyte, with modified model providing an
increasingly improved fit over original.

2.2 1 . / " HNO (b)
® HNO3Exp (a) o NiONS
A NaCSN Exp / 164 4 xon
204 v xoHExp p v L
Lil Exp LiOH
LiOH Exp ——This work
1.8 4 —— This work — =Pitzer
— =Pitzer

m (molkg™!) m (mol.kg")
Figure 3: Utilization of (a) Pitzer three parameter model and (b) currently modified
model in fitting 1:1 electrolyte for activity coefficients.

Standard deviations, denoted as o, and oy, are calculated to be 0.006 and 0.007,
respectively, for systems 1-2 (Table 3). In contrast, original Pitzer model [8-11]
yields values of 0.0215 and 0.0056 for same thermodynamic properties.
Calculated data for activity and osmotic coefficients in K>SOs4, Rb2SO4, and
Cs2S04 single systems using original Pitzer and modified models in the present
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work (with b = 1.2) are compared in Figs. 4a and 4b. It is clear that modified
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model consistently exhibits an improved fit.
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Figure 4: Comparison of both Pitzer three parameter and currently modified models in
fitting 1:2 electrolytes for - (a) activity and (b) cosmotic coefficients.

Similarly, for systems 2-1, Table 4 indicates that the present work results in
deviation standards of around 0.006 and 0.007 for osmotic and activity
coefficients, respectively. In contrast, original Pitzer model [8-11] yields
significantly higher values of 0.124 and 0.180 for these coefficients. Fig. 5a and
5b present results of Pitzer three-parameter and modified models in fitting 2:1
electrolyte for activity and osmotic coefficients, focusing on Cal,, CuCl,,
Cu(NO3)2 and Srl; electrolytes. It is evident from these figures that variation of
osmotic and activity coefficients is less pronounced for Calz, CuCly, Cu(NO3), and
Srl2. The use of Pitzer model parameters for simple electrolyte systems like Calo,
CuCl; and Cu(NO:s)», leads to inaccuracy. However, modified model is notably
more successful in correlating osmotic and activity coefficients behavior of these
systems, highlighting a progressively improved fit.

As shown in Table 5, which presents standard deviation of activity coefficient and
osmotic coefficient for electrolyte systems 2-2, the modified model in the present
work presents deviation standards 6y and o less than 0.017 and 0.003, respectively.
In comparison, original Pitzer model [8-11] produces a significantly higher value
of 0.072 for the activity coefficient. Figs. 6a and 6b illustrate the application of
both Pitzer four-parameter model and the presently modified model in fitting 2:2
electrolytes for activity and osmotic coefficients. Both models prove to be suitable,
and the modified model exhibits a progressively enhanced fit.

Table 6 shows the standard deviation for the estimation of the activity coefficient
(ymx) and osmotic coefficient (¢mx) for systems 3-1. The values obtained in the
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present work are 0.01 for ymx and 0.012 for ¢mx. In contrast, original Pitzer model
[8-11] yields values of 0.068 for ymx and 0.008 for ¢pmx.

m(mol.ka™") m(mol.ke™)
Figure 5: Comparison of Pitzer three parameter and currently modified models in fitting 2:1
electrolyte for - (a) activity and (b) osmotic coefficients.

| (a) B MgsO4 B Mgs0¢
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m(mol.ke™) m(mol k™)
Figure 6: Comparison of Pitzer three parameter and currently modified models in fitting
2:2 electrolytes for - (a) activity and (b) osmotic coefficients.

Figs. 7a and 7b provide a presentation of the application of both Pitzer three-
parameter and the present modified models for fitting process of 3:1 electrolyte
system, specifically focusing on activity and osmotic coefficients.

184 W A (2) n B AICH (b)
® CeCls / ® Ceh
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|- =i

T
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-1
m(molkg™") m(mol.kg™)

Figure 7: Utilization of Pitzer three parameter and currently modified models in fitting 3:1
electrolyte for - (a) activity and (b) osmotic coefficients.
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The analysis indicates that both models are well-suited for the task, and modified
model, in particular, exhibits a continually improved fit over observed data.

To assess the performance of modified Pitzer model developed in this study and
compare it to other models in literature [5-20], standard error of correlation
generated by various thermodynamic models was herein examined. This
evaluation involves comparing standard deviation of several models, including
original Pitzer [8], electrolyte-NRTL [12, 13], NRTL-NRF [19], Wilson [20], and
modified Wilson models [21]. Parameters used in all tested thermodynamic models
have been previously reported in literature [9, 12, 20, 21, 27]. Comparison results
are presented in Fig. 8 for different electrolyte systems.
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Figure 8: Comparison of standard deviation of fit obtained from modified with original
Pitzer, NRTL, NRTL-NRF, Wilson and modified Wilson models to ionic activity coefficient
data at 298.15 K for electrolyte systems - (a) 1-1, (b) 1-2, (¢) 2-1, (d) 2-2 and (e) 3-1.

This figure compares activity coefficient for all studied systems using different
thermodynamic models, including current modified Pitzer model. It is evident that

441



R. Chatit et al. / Portugaliae Electrochimica Acta 45 (2027) 429-452

modified Pitzer model is notably more effective in correlating the behavior of the
activity coefficient in the studied systems compared to other thermodynamic
models.

Application for ternary electrolyte systems

Experimental data for both osmotic and ionic mean activity coefficients, as well as
solubility of salts in aqueous solution, are often found in literature for many mixed
aqueous solutions. Consequently, these thermodynamic properties are commonly
utilized to evaluate the effectiveness of modified Pitzer model.

Computation of activity coefficient for mixed electrolyte

The current model was used to calculate activity and osmotic coefficients for
multiple components in aqueous solutions. Experimental data on mean activity
and osmotic coefficients for mixed electrolyte systems were collected from
literature sources [50-71]. Table 7 illustrates standard deviation between
calculated and experimental data. In this comparison, standard deviation of both
Pitzer model [8-11] and modified version proposed by [24, 25] was herein
considered. Current model was applied with and without mixing ternary
parameters, 0 and y, along with the parameter previously determined from binary
data. Perez-Villasenor model utilized parameters optimized from binary data.
Pitzer model was employed with parameters estimated for single electrolyte
systems, as well as with mixing ternary parameters, 6 and . It can be seen that
current model and Perez-Villasenor one, without mixing ternary parameters, 6
and vy, allow to predict mean activity and osmotic coefficients of ternary
electrolyte systems with an accuracy around standard deviations of Pitzer model
[8-11] with mixing ternary parameters, 6 and y. Optimization parameters, 6 and
vy, in current model permit to improve precision of estimation of activity and
osmotic coefficients for multiple components in aqueous solutions.

Prediction of solubility for mixed electrolyte

When a solid phase MycXva(H20)n 1s in equilibrium with its saturated aqueous
solution and undergoes dissociation into its anionic and cationic components,
concentrations of these ionic species in the liquid phase are controlled by its
solubility product:

anSp =v,In(m,y,) + vIn(m_ y.) + n ln(aw) (17)

The set of interaction parameters estimated in this work for single and mixed
electrolyte systems was used to predict solubility of salts in aqueous solutions at
25°C. Studied ternary systems include NaCl-KCI-H-0, NH+CI-NHsH-PO+—H-O,
NaCl-NaOH-H:0, NaCl-HCI-H-0, KCI-HCI-H:0, NaCl-CaCl—H-0, NaCl-
MgCl.—H-0, CaCl.-HCI-H20 and MgCl.—HCI-H:0, at 298.15 K. Solubility data
measured and presented in literature [42, 43, 61, 62, 73-81] for these systems are
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used for comparison. Solubility product values of salts used in this calculation are
taken from literature [42, 61, 62, 80, 81].

Table 7: Comparison of ternary system results from modified Pitzer model with those
from other models.

System Data This work This work P-v* Pitzer Data source
Ovn=¢Ymnx=0 Omn PYmnx c X c

CsCl-BaCl» ¢ 0.0209 -0.0891 -0.0184 0.0023 0.01865 0.05652 [50]
HCI-CaCl» va  0.0226 0.0439 0.0177 0.0031 0.02243 0.02633 [51]
HCI-MgCl2 yva 0.0166 -0.1239 0.0279 0.0436 0.01112 0.0142 [52]
HCI-MgClz ve 0.0747 -0.1239 0.0279 0.0255 0.0256  0.07461 [52]
KC1-MgCl2 ¢ 0.0467 0.0031 -0.0259 0.0121 0.05431 0.03364 [53]
LiCIl-BaCl» ¢ 0.0061 -0.0778 0.0227 0.0017 0.02796 0.04769 [50]
Naacetate-Liacetate ¢ 0.0214 0.039 -0.0128 0.0027 0.04247 0.02094 [54]
NaBr-(Me)sNBr ¢ 0.0173 0.026 -0.0521 0.0019 0.0232  0.02124 [55]
NaBr-(Me)sNBr va 0.0213 0.026 -0.0521 0.0034 0.02139 0.02185 [55]
NaBr-(Me)sNBr ve 0.016 0.026 -0.0521 0.0012 0.04071 0.01511 [55]
NaBr-CaBr: va 0.0763 0.0883 -0.0285 0.0575 0.04459 0.06321 [57]
NaBr-CaBr2 ve 0.0869 0.0883 -0.0285 0.0447 0.15519 0.1027 [57]
NaBr-LiBr va  0.0236 0.1489 -0.0932 0.0155 0.06429 0.02971 [56]
NaBr-LiBr ve  0.0465 0.1489 -0.0932 0.0141 0.04743 0.07766 [56]
NaCl-LiCl ¢ 0.0025 0.0099 -0.002 0.0019 0.03995 0.02855 [54,58]
NaNO3-LiNO3 ¢ 0.0212 -0.0018 -0.0034 0.0065 0.0582  0.03913 [54]
NaCl-LiCl ¢ 0.02539 -0.0468 0.0059 0.01983 0.02809 [54]
NaCl-LiCl va 0.14783 -0.0468 0.0059 0.14917 0.1495 [54,58]
NaCl-LiCl ve 0.04354 -0.0468 0.0059 0.01211 0.01333 [54,58]
NH4CI1-KC1 ¢ 0.00514 0.0116 -0.0021 0.00457 0.01345 [59]
NH4CI-KCl va  0.01397 0.0116 -0.0021 0.01175 0.01826 [59]
NH4CI-KCl ve  0.04875 0.0116 -0.0021 0.04451 0.01662 [59]
NH4CI1-CsCl ¢ 0.02017 -0.0167 0.0029 0.01095 0.0136 [60]
NH4CI1-CsCl va  0.01775 -0.0167 0.0029 0.0177 0.01555 [60]
NH4CI-CsCl ve 0.02 -0.0167 0.0029 0.02084 0.02021 [60]
NH4Cl -NH4H2PO4 ¢ 0.0317 0.0562 0.0088 0.0085 [62]
NH4H2PO4-NH4NO3 ¢ 0.0359 0.0216 0.0206 0.00586 [62]
CsCI-LiCl ¢  0.04698 0.0537 -0.0115 0.03 0.03695 [63]
CsCI-LiCl va 0.09772 0.0537 -0.0115 0.09028 0.00486 [63]
CsCI-LiCl ve  0.0653 0.0537 -0.0115 0.05226 0.11554 [63]
LiCl-KCl1 ¢ 0.0522 -0.0338 -0.0067 0.0152 0.01693 [64]
NH4NO3-KNO3 ¢ 0.00849 0.014 -0.0011 0.00938 0.00938 [65]
NH4NO3-KNO3 va 0.01249 0.014 -0.0011 0.00775 0.00872 [65]
NH4NO3-KNO3 ve  0.05075 0.014 -0.0011 0.04737 0.04583 [65]
CsCl-NacCl ¢  0.02202 0.0529 -0.0089 0.01541 0.02104 [63]
CsCl-NaCl va  0.05458 0.0529 -0.0089 0.05495 0.05653 [63]
CsCl-NaCl ve 0.13391 0.0529 -0.0089 0.12575 0.14633 [63]
NH4CI-LiCl ¢ 0.02976 0.068 -0.0137 0.02664 0.03338 [66]
NH4CI-LiCl va 0.31731 0.068 -0.0137 0.34324 0.24361 [66]
NH4CI-LiCl ve 0.21631 0.068 -0.0137 0.20991 0.22464 [66]
NaCl-BaClz d 0.09583 -0.01 0.0252 0.08385 0.08727 [67]
NaCl-BaClz va  0.03367 -0.01 0.0252  0.00348 0.00119 [67]
NaCl-BaCl» ve  0.13582 -0.01 0.0252 0.09661 0.09688 [67]
NaCl-MgCl2 ¢ 0.0167 0.0392 -0.0011 0.01076 0.0117 [68]
(NH4)2S04—K2SO4 d 0.05295 -0.5873 0.7027 0.01732 0.05849 [69]
NH4NO3-(NH4)2SO4 ¢ 0.0599 -0.143  0.0062 0.02068 0.0412 [70]
(NH4)2S04-Li2SO4 ¢ 0.07588 0.0052 0.0545 0.03464 0.07547 [71]
(NH4)2SO4— Li2SO4 va 0.01629 0.0052 0.0545 0.02282 0.03006 [71]
(NH4)2SO4— Li2SO4 ve 0.10072 0.0052 0.0545 0.0851 0.08497 [71]
(NH4)2SO4—NaxSO4 ¢ 0.03333 -0.0863 0.0672 0.0233 0.03322 [71]

*Perez-Villasenor

Fig. 9(a-d) shows solubility diagrams for symmetrical systems of mixed
electrolytes 1-1. For NaCIl-KCIl-H:0, NaCl-NaOH-H.0O, NaCIl-HCI-H:0
and KCI-HCI-H-O systems, NaCl and KCIl were formed as solid phases. In
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NH4CI-NH4H2PO+—H-20 system, crystallized salts in solubility diagram are
NH4Cl and NH4H2PO4. Experimental data were taken from literature [42, 61,
62, 72-81].
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Figure 9: Comparison of predicted and measured solubility diagram at 25 °C- (a) NaCl-KCI-
H>0, (b) NHsH2PO4-NH4CI-H,0, (¢) NaCl-NaOH-H,0 and (d) M(Na", K")-HCI-HO.

As shown in these figures, current model provides reasonable predictions for solubility
diagrams of mixed salts in studied systems, with close agreement between calculated
and experimental solubility data. For a system like NaCl-KCIl-H:0, predicted
solubility curves align well with experimental data, particularly in the region where
NaCl and KCI crystallize as solid phases. Similarly, the model successfully predicts
solubility salts, NaCl and KCl, in aqueous hydrochloric acid. Small discrepancies
between the model and experimental data [42] may be attributed to factors such as
experimental uncertainties or interactions not fully accounted for in the model, but
overall, it demonstrates strong predictive capability across a concentration range of
electrolytes. Also, good agreement between predicted solubility of NaCl in aqueous
solution of the system NaCl-NaOH-H:O was observed in Fig. 9c. Fig. 9d shows that
the present model accurately predicts dual crystallization of NH4Cl and NH4H2PO4 in
NH4CI-NH4+H:PO+H-O system. This validates the reliability of interaction parameters
used in the model and confirms its applicability for predicting solubility behavior of
salts in both single and mixed electrolyte systems 1-1.

Fig. 10(a—d) displays a comparison between predicted and experimental solubility
diagrams for four different unsymmetrical mixed electrolyte systems: NaCl-
CaCl>-H20, NaCl-MgCl>-H:0, CaCl.-HCI-H.O and MgCl.—HCI-H:O, at a
constant temperature of 298.15 K.
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Figure 10: Comparison of predicted and measured solubility diagram at 25°C- (a) NaCl-
CaCl2-H20, (b) NaCl-MgCI2-H20, (¢) HCI-CaCl2-H20 and (d) HCI-MgCI2-H20.

As shown in Fig.10a, solid phases that precipitate from NaCl-CaCl.-H-0O solution
system are NaCl and CaCl.*6H-0, as reported by [75, 76]. However, the form
crystallized in the CaCl.-HCI-H20 system, as seen in Fig. 10b, in addition of NaCl
and CaCl:*6H-0, is CaCl:*4H:O [80]. Fig. 10c and 10d presents solubility
diagrams of NaCl-MgCl-H-0 and HCI-MgCl.-H-O. Crystallized forms in these
systems are NaCl and MgCl:*6H20 for NaCI-MgCl>-Hz0 system, as reported by
[75], and MgCl2*6H-0O(s) and HCI*MgCl»*7H20O(s) complex salt for HCl- MgCl.—
H>O system. It can be concluded from these figures that the current model
accurately predicts the solubility behavior of these mixed electrolyte systems, with
good agreement between predicted and measured data. This highlights the
effectiveness of the current model in predicting solubility diagrams for
unsymmetrical systems of mixed electrolytes.

Conclusion

Pitzer model is widely used to represent activity and osmotic coefficients in
electrolyte systems. Nonlinear parameter b, incorporated into this model as a
function of the distance between ions of opposite charge, was initially arbitrarily
set at 1.2 without specific justification and assuming identical ionic radii. Some
researchers regard b as a parameter requiring optimization with the other model
parameters for each electrolyte, while others suggest that it is proportional to ion's
hydration radius. In this study, Debye-Huckel equation was modified to account
for ion size, expressed as average between contributions of anions and cations.
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Values of ion hydration radii reported by Kielland are used in this work. Current
modified model was applied to simple electrolyte systems, 1-1, 1-2, 2-1, 2-2 and
3-1 at298.15 K. Obtained results emphasize notable effectiveness of current model
in correlating the behavior of activity coefficient in the studied systems compared
to other thermodynamic models.
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