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ABSTRACT

This paper describes a modified version of the SIT (Specific ion Interaction Theory) method and its use in
determining the dependence on ionic strength of activity coefficients. In the new approach the interaction
coefficients (€) are not constant but depend on ionic strength (//mol kg-') according to the simple relationship:

e=¢g_+(gg—e.)/([+1)

where g, and €_ are true constants for / - 0 and / — o, respectively. To check the two parameter SIT equation,
we calculated g, and ¢_, for the activity coefficients of HCI, LiCl, NaCl, KCI, MgCl,, CaCl, and SrCl,, in a wide
ionic strength range (0.1 < //mol kg-' < 4.5, for KCI; 0.1 < //mol kg-' < 6, for HCI, LiCl, NaCl; 0.3 < //mol kg1 < 12,
for SrCl,; 0.3 < //mol kg < 15, for MgCl,; 0.3 < //mol kg—' < 18, for CaCl,). Results show that the y values
calculated using this approach fit quite well over the whole /-range for all the electrolytes considered. Comparison
is made with the analogous one parameter SIT equation. The temperature coefficients of interaction coefficients
were also calculated using v.. (HCI) in the range 0 < t/°C < 60.

Keywords: activity coefficients, strong electrolytes, specific ion interaction theory, speciation, concentrated
aqueous electrolyte solutions

INTRODUCTION

As is well known, besides a knowledge of the chemi-
cal species formed by the various components, the spe-
ciation of different biological fluids and natural waters
implies estimation of the activity coefficients of both
components and species at the ionic strength of the
solution. To this end, several different approaches have
been proposed (Bromley, 1973; Bronsted, 1922;
Guggenheim, 1935, 1966; Guggenheim and Turgeon,

fCalculation of SIT parameters: Part I
*To whom correspondence should be addressed:
E-mail: Sammartano @chem.unime.it

1955; Millero, 2001; Pitzer, 1973, 1991; Pitzer and
Mayorga, 1973; Scatchard, 1976; Whitfield, 1973,
1975). The most popular models are the Pitzer (Pitzer,
1973, 1991; Pitzer and Mayorga, 1973) and SIT (Specific
ion Interaction Theory) equations (Biederman, 1975,
1986; Bronsted, 1922; Guggenheim and Turgeon,
1955). Both models have their advantages and these
can be summarized as follows: Pitzer equations are
quite complete and allow activity coefficients to be
modeled in a wide range of ionic strengths. They also
allow for interactions between ions with same sign
charges and triple interaction. Nevertheless, Pitzer
equations are quite complicated and in some cases
difficult to handle. The SIT approach, while quite
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simple and (in its original version) requiring only one
parameter to perform calculations, is not very accurate
in fitting -y values at / < 0.5 mol kg-! and at />3 mol kg-!.

Our research group has for several years been
involved in the study of the dependence on ionic
strength of formation constants and, therefore, in the
use of different equations for taking into account the
function y = f(/). Several models have been considered,
including Pitzer, Bromley and different Debye—Hiickel
(or SIT) type equations (Daniele et al., 1997; De Robertis
et al., 1999; Foti et al., 1997, 1998; and references
therein). Considering both the simplicity and the
popularity of the SIT model, we thought it would be
interesting to investigate the possibility of refining it in
order to make it applicable over a broader ionic strength
range. This paper describes a new approach applied to
the activity coefficients of some chloride salts.

THE MODEL

For a single ion having a charge z, a simple
Debye—Hiickel type equation for calculating the depen-
dence of activity coefficients on ionic strength con-
taining a linear term can be written thus:

logy=-72D + L(J) (1)
where D is the Debye—Hiickel term
D=AIY2/(1+bl'72) 2)

and L(/) is a linear term containing one or more empiri-
cal parameters. In Equation (2), the b value is arbitrarily
chosen, generally 1 <b < 1.5. The SIT model? is based
on the assumption that in Equation (1) the linear term
L(J) depends on the interaction between ions of opposite
charge, and this can be expressed as:

L) =3 em, 3)

where the sum is extended to the interactions between
the ion under examination and all the ions i of opposite
charge.b Considering the mean molal activity coefficient
V.. for a single binary electrolyte M, X, (M*,X*)

aThe background of the SIT was introduced by Bronsted
(1922) and developed by Guggenheim (1966) and Scatchard
(1976). Its use in equilibrium analysis was proposed by
Biedermann (1975) and Ciavatta (1980, 1990).

bAccording to Bronsted (1922) only interaction between
oppositely charged ions are significant. Often, also the
dependence on ionic strength of neutral molecules is taken
into account, according to Setchenow (Harned and Owen,
1958) equation: log v =k, 1, where k is the molal salting
coefficient.

Ve = (V" YD)
and for eqs (1) and (3) we have:

log y, = — 12,21 D + 6(M#,X*) m (ﬂj -
%

—1z,z | D + eM#,X7) 2 mv 4)
or
logy,=-2z,z D+eM*X>)41/(z, +2)* (4a)

To derive this equation it is assumed that € (M#+,X%")
= ¢ (X#,M#) as a consequence of the cross differen-
tial equation (Guggenheim, 1949). Equations (4) or
(4a) can be extended to mixtures of electrolytes
under the assumption that (a) &, =0if ions i and k have
the same sign and (b) triple interactions are negligible.
In the primary application of equation (4), the inter-
action coefficients € were considered to be true con-
stants, i.e. independent of ionic strength. Unfortunately
this is true only for some electrolytes and/or in some
ionic strength ranges. Ciavatta (1980), for example,
found several simple electrolytes to have good
constancy of € in the range 0.5 < I /mol kg! < 3.5.
In general € is a function of / and some corrections
have been proposed. A simple concentration depen-
dence may be described by a Ciavatta type equation
(1980):

e=a+b(l+logl ®)

where a and b are true constants. Pitzer (1973) proposed
the equation:

e=¢_+(g—¢.) FQ) (6)
where

F=[1-(1+21'"2-21)exp(21"»)]/(@&DH (7)

with
lim F(/) =1
1-0
lim F()=0
[—o0

and therefore

lime=g¢g,
1-0
lime=¢_
[—o0
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Another class of functions F(/) in equation (6) may be
of the type:

F(I) =exp (-21'?) ®)

Some of us have recently applied a simple relationship
for F(J) to the dependence on ionic strength of diamine
(Crea et al., 2004) and dicarboxylate (Crea and
Sammartano, work in progress) protonation constants
as follows:

F()=(1+I)! )

with the same limits as F(J) in equation (7). The results
were good in the whole range 0.1 <7 /mol kg-! <5.

In equation (2) we must define parameters A and b.
For the latter parameter we chose the value b = 1.5
according to Scatchard (1976). Values of A were tabu-
lated at different temperatures (Rombinson and Stokes,
1955; Helgeson et al., 1981). In the range 273 < T /K
< 348, we obtained the functions:©

A;=0.510+76.286 f, (T) + 1.4189 £, (T)  (10)

where
11
n=(5-7) (n
fz(T)z(g—lHn%) (112)

(60=298.15), with a mean deviation |A— A, 4l <0.0006.4

RESULTS AND DISCUSSION

Equation (4), with € split up according to equation (6)
and F(/) calculated using equation (9), was applied to
the mean molal activity coefficients taken from the tab-
ulations of Robinson and Stokes (1955). The inter-
action coefficients €, and €_ were calculated by least
squares refinement and are reported in Tables 1 and 2.
For purposes of comparison, the same tables show the
results obtained when the interaction coefficient € was
considered to be a true constant, calculated (i) in the
whole ionic strength range; (ii) in the restricted ionic
strength ranges 0.5 < [ /mol kg-! <3 and 0.1 </ /mol

cValues of A in both molar and molal scales were fitted to
the same equation. In the considered temperature range this
does not imply a relevant error, being the maximum deviation,
at 75 °C, less than 0.6% (at 25 °C the difference is < 0.15 %).

dAn alternative equation, with a fairly better fit, is A =—-8.945
+ 356.0/T + 1.4505 In(7), with mean deviation 0.00051.

kg1 <1, for HCI and alkali metal chlorides; and 0.3 <

I /mol kg1 < 6 for alkaline earth metal chlorides. We

also report the € values calculated by Ciavatta (1980).¢
Analysis of the results in Tables 1-2 reveals that:

(i) The two parameter SIT approach gives excellent
results for the electrolytes examined in this study.
The standard deviation in the fit is always < 0.02,
which is quite satisfactory for most equilibrium
analysis problems in speciation studies.f

(i) For HCI and alkali metal chlorides there is a good
fit of log -y, in the range 0.1 <//mol kg-' < 1 (and
fairly good fits are also observed in the range 0.5 <
I /mol kg-! <3) even using the traditional one para-
meter SIT approach.

(iii) The application of the one parameter approach is
still acceptable for HCI and alkali metal chlorides,
but the two parameter model (o, >> o,) always
gives very different results.

(iv) For alkali earth metal chlorides, deviations are
quite large with both the two parameter and the
traditional one parameter SIT approach. The use
of the two parameter approach gives good results
in a very wide ionic strength range (0.3 </ /mol
kg1 < 15).

Figure 1 shows the error plot 102, ;) = 108V.(catcq) VS-
I for HCI. The different fitting abilities of the one and
two parameter SIT approaches can be seen clearly over
the whole ionic strength range considered.

Temperature dependence of interaction
coefficients

The dependence on temperature of interaction co-
efficients can be expressed as

ge=g,+af, (T)+bf,(T) (12)

where a and b are empirical parameters and f; and f,
are the temperature functions defined in (11)—(11a).
Using the re-evaluated vy, (HCI) of Partanen and
Covington (2002), in the ranges 0.01 </ /mol kg-! <2
and 0 <t /°C < 60 we obtained:

eCiavatta (1980) calculated the interaction coefficients from
osmotic coefficients, in the range 0.5 <//mol kg1 <3.5, and
applied to each point the weight w = I.

fStandard deviation in the fit of equation (4) (Tables 1-2) are
always < 0.02, and for HCI and alkali metal chlorides < 0.01.
Equilibrium data (protonation constants, hydrolysis con-
stants, metal complex formation constants) are generally
affected by higher errors, and therefore the ionic strength
correction using the two parameter SIT approach should be
satisfactory.
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Table 1. The interaction coefficients of equation (4), with F(1)
calculated using equation (9), for the activity coefficients of HCI,
LiCl, NaCl and KCl1

Electrolyte €, € g wb I-range*
HCI 0.136 0.0848  0.0027  0.0025 0.1-6
LiCl 0.125 0.0513  0.0065  0.0036 0.1-6
NaCl 0.0514  -0.0136 0.0041  0.00080  0.1-6
KCl 0.0168  -0.0480 0.0090  0.00056  0.1-4.5
€

HCI 0.125 0.012 0.011 0.1-6
LiCl 0.110 0.019 0.017 0.1-6
NaCl 0.0380 0.016 0.014 0.1-6
KCl -0.00002 0.013 0.012 0.1-4.5
HCl 0.117 0.0056  0.0050 0.5-3
LiCl 0.0977 0.0060  0.0054 0.5-3
NaCl 0.0277 0.0069  0.0062 0.5-3
KCl -0.00608 0.0092  0.0083 0.5-3
HCI 0.110 0.0009  0.00085  0.1-1
LiCl 0.0906 0.0016  0.0014 0.1-1
NaCl 0.0194 0.0013  0.0011 0.1-1
KCl -0.0190 0.0028  0.0026 0.1-1
HCI 0.124 0.5-3.5
LiCl 0.10 0.5-3.5
NaCl 0.03 0.5-3.5
KCl 0.00 0.5-3.5

aStandard deviation in the fit of equation (4); Pmean deviation in
the fit of equation (4); ¢in mol kg-1; dCiavatta (1980)

Table 2. The interaction coefficients of equation (4), with F(/)
calculated using equation (9), for the activity coefficients of
MgCl,, CaCl, and SrCl,

Electrolyte € € g? pb I-range*

MgCl, 0.315 -0.0823  0.015 0.0096 0.3-15
CaCl, 0.251 -0.0966 0.019 0.012 0.3-18
SrCl, 0.224 -0.125  0.020 0.013 0.3-12

MgCl, 0.320 -0.0858 0.017 0.012 0.3-6
CaCl, 0.276 -0.132  0.019 0.013 0.3-6

SrCl, 0.249 -0.158  0.020 0.014 0.3-6
€
MgCl, 0.221 0.11 0.11 0.3-15
Ca(Cl, 0.181 0.11 0.11 0.3-18
SrCl, 0.123 0.088 0.083 0.3-12
MgCl, 0.150 0.059 0.055 0.3-6
CaCl, 0.105 0.059 0.054 0.3-6
SrCl, 0.0781 0.060 0.055 0.3-6
MgCl, 0.194 0.5-3.5
CaCl, 0.14 0.5-3.5

aStandard deviation in the fit of eq. (4); Pmean deviation in the fit
of eq. (4); ¢in mol kg'!; dCiavatta (1980).

0.02-

.
.00 o2
3.

Figure 1 Error plot (108 .exy) — 108 Yuqcatcay VS 1) for HCI
activity coefficients using the two parameter model (L)
and the one parameter model (O).

e.=0.136 +0.07165 f, (T') + 0.1159 £, (T")
€,=0.0848 —0.1024 £, (T) + 0.1970 £, (T)

Comparisons and correlations

Figures 2 and 3 show different plots in order to evidence:
(1) the error behavior observed using different F(/) in
equations (6) [F(I) of equations (7)—(9)]; and (ii) the
scatter in log 7, calculated using the two parameter SIT
and Pitzer approaches. Figure 2 shows that the perfor-
mance of the different F(/) functions are (for HCI) very
similar [o = 0.002, 0.006 and 0.003 for equations (7),
(8) and (9), respectively]. Similar behavior is observed
for the other electrolytes, but with higher deviations.
We did not consider equation (5) since it is indefinite
at / = 0. Figure 3 shows the differences in v, calculated
using Pitzer and two parameter SIT equations at three
different temperatures and in the range 0.01 </ /mol

0.02
A
0.01- N
H N o o A g O
;’ 0.001 o © > 8
< 0900 g @ ©
< AA oo O
AA A A o
-0.01- 4
‘0.02 T T T
0 2 4 6
I/mol kg

Figure 2 Error plots (1087 .oxy) = 108V scarcay vS- 1) for HCl
activity coefficients using the two parameter model with
F(I) calculated by equation 7 (O), equation 8 (/\) and
equation 9 (LJ).
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0.001
A
O
: / Y
§° 0.000+5C Za
<
A
AK w
\ o
-0.001-— . . .
0 1 2
I /mol kg

Figure 3 Differences in vy, of HCI calculated by Pitzer and
two parameter SIT equations, at t = 0 (O), 30 (/) and
60°C (LJ).

kg-! < 2. As can be seen, these differences are quite
negligible and therefore, at least in the above ionic
strength range, the two models can be considered to be
equivalent. Several correlations have been proposed
between interaction coefficients and other physical
parameters, such as crystal radius. Moreover, it is likely
that different interaction coefficients from different
models can be correlated. These correlations will con-
stitute the basis of the future development of this work,
and here we report only the plot (Figure 4) g, =f (3(©®),
where B© is the first interaction coefficient of Pitzer
equations for HCI, LiCl, NaCl and KCI (Pitzer, 1991).
The linear fit is quite satisfactory (o = 0.0047; linear
correlation coefficient R = 0.9982) and this indicates
that general rules might be found for conversion from
one model to another.

0.1

0.0

‘0.1 T v T T T
0.05 0.10 0.15 0.20
©
B
Figure 4 Correlation between &, (this work) and the first
Pitzer interaction coefficient B (—) for HCI, LiCl, NaCl
and KCI, at t = 25°C.

CONCLUSIONS

This paper describes a simple modification of the SIT
model, i.e. a two parameter SIT equation that makes it
possible, in the calculation of activity coefficients, to
extend the ionic strength range to (at least) 6 mol kg-1.
The use of this model is compatible with the large
volumes of traditional SIT data (¢ = constant) present
in literature; for small /-ranges one can set € =€, =¢€_..
Future developments of this work will include: (a) the
analysis of vy, for several other electrolytes; (b) the
analysis of equilibrium data (protonation, metal com-
plex formation and hydrolysis constants) at different
ionic strengths; (c) the correlation between the inter-
action coefficients of different models and the correlation
between interaction coefficients and other physical
parameters.
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NOTATION

M, X  cations and anions

Z,Z number of positive and negative charges in
the cation and in the anion, respectively

v,, v_  number of cations and anions per molecule
of electrolyte, respectively

v V=V, + v

v harmonic mean of v, andv_(v'=v,1+v_1)

m,;, My concentrations (molal scale)

1 ionic strength (molal scale)

v activity coefficient (molal scale)

A coefficient of Debye—Hiickel equation
€ interaction coefficient

T temperature /K

t temperature °C

0 reference temperature /K
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