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A procedure to estimate the Pitzer parameters for complexes or complex
formation reactions from a small number of equilibrium constants (log K vs. 1)
obtained in ‘constant ionic media’ is discussed in some detail. It is then often
impossible to determine both log K°, the equilibrium constant at /=0, and all
Pitzer parameters, hence some estimations or other simplifications are necessary.
Solution coordination chemists have therefore preferred to use the less parame-
trized Bronsted—Guggenheim—Scatchard (SIT) model. By comparison of analyt-
ical statements for the mean activity coefficients and equilibrium constants, for
the SIT and Pitzer models we have shown that they are equivalent for ionic
strengths less than 4 mol kg ™!, and have also established relationships between
the Pitzer parameter B*) and the charge type of the interacting ions, and between
ABY for a complex formation reaction and AZ? for the reaction, where AZ? is
the sum of the squared charges of the reactants/products with the proper
stoichiometric coefficients. The first relationship is based on data in single
electrolyte systems and the second on equilibrium-constant data determined
in ionic media. For reactions involving species of charges one and two in
1-1 electrolyte ionic media we recommend the use of ABY/AZ*=
0.337+0.014 kg mol ™! for the estimation of the AR at 298.15K and 1 atm. In
this way we have used concentration equilibrium constant data to estimate log K°
and Pitzer parameters B and B® for more than 30 uranium complexes with
other ions at 298.15K and 1 atm. The procedure makes it possible to use the
information on complex formation, acid/base and redox equilibria obtained in
ionic media together with the Pitzer parameters for strong electrolytes for the
modeling of complex equilibrium systems over a broad range of ionic
strength/ionic medium compositions, up to at least 4 mol kg™*.

Many aqueous solution systems are complex multicom-
ponent mixtures, in which the speciation of the solutes
is a function of composition, temperature, pressure and
master variables such as pH, Eh, the partial pressure of
CO,, etc. To perform a thermodynamic modeling of
these equilibria one has to know both standard state and
excess properties.

Compilations of thermodynamic data always contain
information referring to standard state conditions, e.g.
defined according to IUPAC.! Users of these data must
therefore recalculate them for the conditions present in

tPermanent adress: Institute of Experimental Mineralogy,
Chernogolovka, Moscow District, 142432 Russia.
*To whom correspondence should be addressed.

250 © Acta Chemica Scandinavica 52 (1998) 250-260

the system under study. Thermodynamics, in combina-
tion with physico-chemical theories, provides the frame-
work for such calculations.

The Pitzer model?? is one of the most comprehensive
approaches for describing the excess Gibbs energy of
multicomponent strong electrolyte systems, and has been
used to describe, for example, the five-component sea-
water system.* The applications to systems where strong
complexes are formed are scarce, with the exception of
some weak protolytes (e.g. carbonic acid, phosphoric
acid, hydrogen sulfate) where experimental data may be
obtained at very low ionic strengths. Systems with weak
complex formation can be described within the Pitzer
framework as strong ion—ion interactions. This is not
possible when strong complexes are formed: they must
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be taken into account as such. The only available
information for the determination of the interaction
parameters of complexes is in general experimentally
determined (concentration) equilibrium constants in
different ionic media.

The lack of Pitzer parameters for metal complexes
makes it difficult to use this formalism to describe the
trace metal speciation in ground and surface water
systems. Information of this type may be essential, e.g.
when estimating the toxicity of trace elements and in
safety assessments of waste repositories of different types.

For strong electrolytes, either single or mixtures, it is
often possible to determine all Pitzer parameters because
one has experimental data of high precision, typically
better than 0.01 in the osmotic coefficient, @, or 0.005 in
In y,. Nevertheless, a statistical analysis of the Pitzer
equations® has shown that the retrieval of the parameters
even from an extensive array of such experimental data
is not a trivial exercise. The main problem in the least-
squares analysis of the Pitzer model is the correlation
between the B and C® parameters (the notation is the
same as that used by Pitzer),>* and therefore the large
relative standard errors in their estimates: ‘the relative
standard error in this (B) parameter ... is typically at
least one order of magnitude greater than the relative
standard errors in the other parameters’.’

For reasons given below, these problems are aggrav-
ated if Pitzer parameters have to be determined from the
ionic medium/ionic strength dependence of equilibrium
constants. An examination of compilations of stability
constants (e.g. Sillén and Martell®” and Hogfeldt®)
reveals the following characteristic features of the data:
(i) Often less than ten experimental values of log K have
been reported for a particular reaction in a certain ionic
medium; the ionic strength interval typically ranges
between 0.1 and 4 mol kg2, (ii) It is rarely possible to
determine equilibrium constants at very low ionic
strengths, and theoretically based estimates of log K°,
the equilibrium constant at zero ionic strength, are
therefore necessary. (iii) The accuracy of log K is often
smaller than the precision of individual measurements.
As stated by Beck and Nagypal,® ‘agreement within
+0.05 log units is classified as very good agreement,
even in systems that can be studied experimentally with-
out difficulty’. This means that log K data are at least
10-30 times less accurate than the values of osmotic
coefficients.

These facts will strongly complicate the determination
of Pitzer parameters from such data using regression
analysis, and some simplifications are necessary. Solution
coordination chemists!®~'2 have therefore used the less
parametrized Brensted—Guggenheim-Scatchard (SIT)
model (cf. the following section) to describe the concen-
tration dependence of complex formation reactions and
other chemical equilibria, and the extrapolation of these
equilibrium constants to zero ionic strength. A large
number of ion interaction coefficients have been compiled
by Ciavatta!®!* and Grenthe er al.,'* both for simple

ions and complexes; some useful estimation methods of
the unknown interaction coefficients for metal-ion com-
plexes have also been proposed.!® In this communication
we will demonstrate how the available information on
SIT interaction parameters for systems where the react-
ants/products are present in ‘trace’ concentrations in the
presence of an ionic medium, may be transferred to the
Pitzer formalism. This will require defensible estimations
of the Pitzer parameters B and B, and the correspond-
ing quantities for chemical reactions.

Development history of the specific ion
interaction models

Pitzer® considered his model as an extension of
the simple but general approach, presented by
Guggenheim,** who proposed the following equation,
describing the concentration dependence of the activity
coefficient of a cation M in a mixture:

AZ} I
1+1'7

where A4 is the Debye-Hiickel parameter (note that
A=3A4,=0.51001n 10 kg*> mol =12 at 25°C, where Aq
is the corresponding parameter in the Pitzer model). The
summation involves all anions, a, present in solution.
By, is an interaction parameter specific for each cation—
anion pair, M,a. In accordance with the Brensted!®
postulate on specific interaction between ions, the terms
for ions of the same charge sign are equal to zero. The
analogous expression for the anion L is obtained by
changing the subscripts M and a for L and c, respectively,
where ¢ denotes a cation in general. A detailed discussion
of the use of the Guggenheim model for describing the
concentration dependence of the osmotic coefficient and
the mean activity coefficients in both single and mixed
electrolyte solutions is given in Pitzer and Brewer.'®

Scatchard!”'® suggested that the denominator
(141Y%) should be replaced by (1+1.51*?) to decrease
the concentration dependence of the interaction coeffi-
cients at low ionic strengths, giving the following expres-
sion for the activity coefficient of the reactants in an
ionic medium:

AZ2 2
T 1415112

where (7, j) is the specific ion interaction coefficient for
ion i and the different counter-ions j. Eqn. (2) is known
as the Bronsted—Guggenheim—Scatchard (SIT) model.
The SIT model ignores both binary interactions
between species of the same charge, and the contribution
of ternary interactions to the activity coefficients. The
constancy of the ion interaction coefficients in the SIT
model at high molality was recognized long ago.
However, the parameter is concentration dependent at
low molality.>'® These variations give only a small
contribution to the accuracy of the calculated activity
coefficients, because the product &(i, j) m; makes only a

ln'YM=_ +ZBMama (1)

Iny,= + ¥ &G )m; @)
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small contribution at low molality, cf. eqn.(2). The
concentration dependence of the interaction parameters
reflects the concentration dependence of the sum of the
radial distribution functions for like-charged and unlike-
charged ions; see Pitzer.>37

In the Pitzer formalism the concentration dependence
of the activity coefficient of a cation M (the correspond-
ing equation for an anion L is obtained by interchanging
L for M, a for ¢, and ¢ for a throughout, where a and ¢
stand for anion and cation in general ) in a mixed solution
containing a number of different ions and neutral species
[for notation cf. Pitzer,® eqn. (63)] is:

Inyy=Z4F+) my2By,+ ZCy,)

+ Z m, <2¢Mc + Z ma‘l’Mca) + Z Z memgy \",Maa'
+|ZM|ZZ'ncmaCCa+2Zmn>\'nM (3)

The subscript n denotes neutral species; B, is the virial
coefficient describing the interactions between a cation,
M, and an anion, a: Cy, and Cg,. abbreviated C,, are
defined by eqn. (9), ¢, is the virial coefficient arising
from binary interaction between a specific cation and the
other cations; A,,, is the virial coefficient representing the
interactions between a specific cation and neutral species;
W, is the virial coefficient representing interactions
between ions i, j, k (where i and j are different anions
and k is a cation or when / and j are different cations and
k is an anion). The parameters { and A are assumed to
be independent of ionic strength. The quantity F includes
the Debye-Hiickel, /7, and other terms as follows:

F=f7+ szcmaBn’zc"’ szcmc'¢éc'
¢ a c ¢

+ szama'd):za' (4)
where
12 2
fy:*A¢{w+Bln(l+bll/2)} (5

and ¢’ and B’ are the ionic strength derivatives of ¢ and
B, respectively (see below). Z, B and B’ are equal to

Z:Zmilzil (6)

24,
By =B, + aTA; {1 — (1 +al"?) exp(—al'?)}

= B + B g(a'?) (7N
and
2 (1)‘1 21
Biya= — O(E;lz [1 - <1 + ol + %) exp(—oc]”z)]
gar'?)
= B%—I— (8)
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C., and the virial coefficient ¢;; are defined as follows:

Ca
T aizz )
¢ij:9ij+Eeij(1) (10)

C? are tabulated quantities for each cation-anion pair.
£0,;(1) is a function of the ionic strength only; it is zero
except for unsymmetrical mixing of ions of the same
sign, i.e. when the charges of i and j are of the same sign
but different magnitude. (This term is given by theory
and its values can calculated numerically as described in
Pitzer,® Appendix B.) g(a/'/?) and g'(aJ"?) are known
functions of /, and o is an empirical parameter equal to
2.0 kg"> mol 12,

The features of the Pitzer and the SIT models given
above provide the rationale for the simplification of the
Pitzer equations presented below.

Comparison of the SIT and Pitzer models:
evaluation of the Pitzer parameters based on
correlation with the charge type of the
interacting ions

The most common simplification of the Pitzer model is
to neglect the contribution of third virial coefficient.
Indeed, a check of the typical values of C® from the
available compilation® shows that this contribution is
significant only at high ionic strength, typically above
5-6 mol kg™?!; cf. the results for LiOH, LiBrO;, NaF,
NaClO,, NaNOs;, etc. listed in Table 1 of Marshall et al.®
Hence, C®=0 is a reasonable assumption when the
concentrations of reactants/products are small, in com-
parison with the ionic medium concentration. Another
simplification of the Pitzer model was proposed by
Millero,?° who suggested the estimate =0 for com-
plexes. This simplified one-parameter Pitzer equation
looks identical with the SIT model:

In y; = Z*(DH-term) + Y. &,(i, j)m; an
J
In vy = Z*(DH-term) + 2 ¥ B, (12)

However, the Debye-Hiickel limiting law terms
(DH-term) in the two models are different: the denomin-
ators are (141.5/'?) and (1+1.27'?), respectively.
Hence, the interaction coefficient B,,,, cf. eqn. (7), has a
larger variation with the ionic strength than the SIT
interaction parameters. (The factor 1.5 in the denomin-
ator of the SIT model was selected to minimise the ionic
strength dependence of the interaction parameters.).
Figure 1 illustrates how B,,, varies with the ionic strength
for 1-1, 2-1 and 3-1 electrolytes. The vertical bar
indicates an uncertainty of +0.15 in log K, and illustrates
that it is impossible to determine B,,, for 1-1 and 2-1
electrolytes from equilibrium constant data unless these
are very precise. BY=0 is not a satisfactory approxi-
mation. To illustrate this, the experimental and fitted
mean activity coefficients of NaCl, MgCl, and NdCl,



ESTIMATION OF THE PITZER EQUATION PARAMETERS FOR AQUEOUS COMPLEXES

60 I 1 - 1 i | L |
5.0 I .
4.0 1 o
& 3.0 R
3-1
2.0 - -
] 2-1
1.0 =
] 1-1
0.0 — T T T T T T T
0 | 2 3 4 5
I, molal

Fig. 1. The ionic strength dependence of the Pitzer parameter
By, for 1-1, 2-1 and 3-1 ions combinations obtained using
some typical values of B and B!, see text. The vertical bar
shows the effect on By, of an uncertainty +0.15 units
in log K.

using B™ =0 have been plotted as a function of the ionic
strength (Fig. 2). We consider only data up to I=
3 mol kg !, where the contribution of the terms account-
ing for triple ion interactions may be neglected. The
thick full-drawn curves represent the experimental data,
the dotted curve the mean activity coefficients calculated
using the Pitzer model with B® as the only fitting
parameter and B =0. The dashed curves are calculated

10 L ! L 1 L 1

I, molal

Fig. 2. Mean activity coefficients of NaCl, MgCl, and NdCl,
as a function of ionic strength at 298.15 K and 1 atm. Thick
solid lines, experimental data. There is no significant devi-
ation between the complete Pizer model and the experimental
data. Dashed lines, SIT model. Dotted lines, the Pitzer model
with B =0.

using the SIT model with a fitted value of e,. From
Fig. 2 it is apparent that the one-parameter Pitzer model
is inferior to the SIT model. Another important observa-
tion is that the values of B obtained using =0
always differ from the tabulated ones, for NaCl p©® =
0.110 (0.0765), for MgCl, B©®=0.557 (0.352) and for
NdCl; B@=1.247 (0.568), the tabulated values from
Pitzer® are given in parentheses. The difference between
the two sets of B is a consequence of neglecting the
contribution of the ¥ term. The higher the valence type
of the electrolyte, the larger the error. Hence, the approxi-
mation B =0, results in an erroneous estimation of the
B© term and in an unnecessary loss of accuracy, as
compared to the one-parameter SIT model. The Pitzer
equations must be used with both the B and B™ terms.

An examination of the values of B at 298.15 K from
Pitzer® shows that they are correlated with the charge
type of the electrolyte: for most 1-1 electrolytes the
values of B fall in a range 0.20+0.20, for most 2-1
electrolytes in the range 1.440.6, and for most 3-1
electrolytes in the range 5.2 +1.2. The averages may then
be used as ‘fixed’ values of B in the Pitzer equations,
thus reducing the number of unknown parameters. We
prefer the method outlined as follows: Using the analyt-
ical statements for the mean activity coefficients in the
SIT model, and in the Pitzer model without the C® term,
we may demonstrate the concentration range in which
the two models are equivalent, and also a method to
estimate B, The Pitzer equation is then equal to:

1/2

2
Iny:=—|ZyZ|As <m +Eln(1 +b11/2))

2
+m =L (2B, + 2B, X) (13)

where

1 o2l
X=E[14(l+a11/2—7>exp(—a11/2)J (14)
and the SIT model:

Inv. — A|ZyZ |1
L T

Taking into account that 4 =34, and making elementary
transformations, we obtain

A ZyZy\v ([ 31V 12
N 141512 1 +bI'"2

2vy Ve

£, (M, L) (15)

Y =

4vyvim
2
-3 In(1 +b1”2)>

- ( - 1";—”) + B X (16)

X and Y are known quantities which depend only on the
charge type of the electrolyte, the ionic strength/molality
and A4q. The linear function Y(X) has the intercept
[BS7L—&,(M, L)/2] and the slope B, . The functions Y(X)
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are plotted in Fig. 3 for 1-1, 2-1 and 3-1 ion combina-
tions. The linearity is very good, indicating that the SIT
model is approximately equivalent to the Pitzer model
without the C?® term and with a constant value of %
for each charge type. The relationships between the two
sets of parameters given in Table 1 for different ion
combinations, may be used to convert the large set of g,
values already available!!!? for complexes, into B and
B values. Note that ¢ values, not ¢,, are tabulated
in Refs. 11 and 12; the relationship between them is
e,=¢In(10).

The estimated values of B for 3-1 and 4-1 inter-
actions (B'V'=4.3 for 3-1 and 1-3, and BV’=8.9 for 4-1
and 1-4 interactions) seem to be slightly lower than the
‘averaged’ values from Pitzer,* p¥=5.241.2 and ¥ =
1142, respectively. However, Fig. 1 indicates that B*)
for these electrolytes may be determined experimentally,
provided sufficiently precise experimental data are avail-
able, vide infra Table 4.

Complex formation equilibria are in general described
using concentration equilibrium constants, these are ‘true
thermodynamic’ quantities because concentrations and

3.0
1 3-1
2.0
o
2-1
1.0 -
1 1-1
0.0 W
LA L LA DL L LR B
00 01 02 03 04 05 06 07

X

Fig. 3. The determination of relationship between the para-
meter €, in the SIT model and the parameters B'” and B in
the Pitzer model at 298.15 K and 1 atm for completely dissoci-
ated 1-1 (a), 2-1 (b) and 3-1 (c) electrolytes, see text for
details. The filled circles have been calculated using eqn. (15),
and the line represents a least-squares fit. The two models
are equivalent up to an ionic strength of about 5-6 mol kg~ ".

Table 1. The relationship between the Pitzer parameters p©
and B in kg mol~", and the SIT ¢, parameter for different
ion combinations at 298.15 K.

lon combination (B —e,/2) g

M*, X~ 0.035 0.34
M2%, X~ and M*, X3~ 0.150 1.56
M3*, X~ and M*, X3~ 0.366 4.29
M**, X2~ and M*, X*~ 0.754 8.89
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activities for reactants/products are proportional to one
another in ionic media. Each ionic medium may thus be
considered as a particular solvent, and a comparison of
equilibrium constants obtained in different ionic media
must be made by using one reference medium, usually
pure water. A simplified Pitzer model for the con-
centration/ionic medium dependence of equilibrium
constants in ionic media is described in the following
section.

Evaluation of the Pitzer parameter " for
complexes (or AB™ for a reaction) based on the
charge type of the reaction

For a chemical reaction in the general form

Y piQi+rH0(1) =0 (17)

we have

InK°=Y p;lnm;+ Y p;Invy;+rinay,,
=InK+) plnyi+rinay,o (18)

Most experimental studies of complex formation reac-
tions have been performed in ionic media,>?' with a
concentration that is much higher than that of the
reactants/products. In this way the ‘trace’ activity coeffi-
cients of reactants/products remain very near constant,
even if their total concentrations are varied. At ‘trace’
concentrations of reactants and products, all summations
in eqns. (2) and (3) reduce to terms which include only
the molality of the ionic medium electrolyte: the others
are negligible. Hence, the Pitzer model in a 1: 1 electrolyte
ionic medium, NX, results in the following analytical
statement:

InK°=InK+rlnay,+ Zp,Z?(f’ +m?Bix)
+2m ZpiBif +2m? Zp,-C,-J- +2m Zp,-d),-,-r
+m? Zpi‘j’ii'j +m? ZpilziICNX
=InK+rlnay,o+AZ*(f7+m*Byx) +m*A|Z| Cx

Ay
+2m(AB + Ad) + 2m* (AC+ 7) (19)

where the index i refers to species 7, and i’ and j stand
for ionic medium ions, having the same and opposite
charge signs, respectively, as i. The definitions of AZ?,
AB, etc. are clear from eqn. (19), m is the molality of
ionic medium 1-1 electrolyte. The ionic strength depend-
ence of parameter AB is

AB = AB@ + ABY g(al*?) (20)
where

ABO =Y pB® and ABY =3 piBf

Eqn. (19) shows that the coefficients for the terms in m
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and m? contain AP® and A¢, and AC and AV, respect-
ively. Hence, it is not possible to obtain the individual
Pitzer parameters AB® and AC from this equation alone.
When using eqn. (19) in a regression analysis it is con-
venient to rewrite it as

In K°=In K+rln ay,o+AZ*(f" +m’Byx)
+ mPA|Z| Crx + 2mX, + 2mg(ad )X, + 2m> X,
(21)

where X, =ABP +A¢d, X,=ABY, X;=AC+1/2A\.

Using the SIT formalism, the concentration depend-
ence of the equilibrium constant for reaction (17), studied
at trace concentration of the reaction participants in a
constant ionic medium, is equal to

ALY
1nK°=an+rlnaHzo—W2pi2§

+m Y pie i, )

AANZ2['?
Tk (22)

=InK+rlnay,e—
where m is the molality of the ionic medium electrolyte.
The definitions of AZ? and Ag, are clear from eqn. (22).

In order to illustrate the problems with a regression
analysis of equilibrium constant data using the
Pitzer model, we have chosen a simple protolytic
reaction, the first protonation constant of sulfate
H*+S0,2~=HSO,” studied in a NaClO, medium.
Only potentiometric data from Refs. 6-8 and from
Sapiesko et al.*> have been used. These have been
recalculated into molality units and to 298.15 K where
necessary; see Ref. 12 for details. For this reaction the
Pitzer interaction coefficients for all reactants and prod-
ucts are known from activity and osmotic coefficient
data. The value of log K° is a CODATA key value,
evaluated from different experimental data at low ionic
strength. In general, equilibrium constant data are much
less precise than in this example, and Pitzer parameters
are rarely available for all reactants and products. In the
example, 18 experimental determinations have been
reported over a wide range of ionic strengths, down to
0.10 mol kg~ !, which facilitates the regression analysis;
the data have been obtained in different laboratories,
allowing a good estimate of the accuracy of log K.

The ionic strength dependence of the higher-order
electrostatic unsymmetrical mixing term *6¢yo, 5o, (/) wWas
taken into account as recommended in Ref. 3. The results
of the regression are given in Table 2 and in Fig. 4. The
following methods to estimate the Pitzer parameters from
these data are discussed: (I) the determination of the
whole set of parameters log K°, X;, X,, X3; (II) the
determination of log K°, X;, X;, i.e. neglecting the contri-
bution of all ternary interactions; (III) the determination
of log K°, X;, X3, i.e. assuming B"’=0 for all reactants/
products as suggested by Millero;?° (IV) the determina-
tion of log K°, X, i.e. using the smallest possible number

of parameters in the Pitzer model; (V) the determination
of X1, X, and X; using the CODATA value of log K° as
a fixed parameter.

The symbol (0) in Table 2 is used when the correspond-
ing parameter was set equal to zero in the data fitting.
All uncertainties are given as + 3o, where o is the mean
square error of an unknown.?® The ‘Tabulated’ value of
log K° was that recommended by CODATA,?* while
those for the Pitzer parameters were calculated from the
values of B©, BV and C for NaHSO,, Na,SO, and
HCIO, (Pitzer).® The parameters for binary and ternary
interactions of ClO,” with HSO,~ and SO,2 are
unknown, but the possible effect of neglecting them
is probably within proposed uncertainties of the
‘Tabulated’ values.

The example allows us to draw the following conclu-
sions: The simple one-parameter SIT model reproduces
the experimental data fairly well, it also results in a
reliable determination of log K° with a small uncertainty
(the value of log K° is in an excellent agreement with the
CODATA recommendation). The problems with the
Pitzer model are also clearly demonstrated. All refine-
ment models allow accurate data interpolation, however,
the estimates of log K° and the values of the coefficients
X; differ fairly much between the different models, and
from the CODATA value. As expected, the determination
of the complete set of constants results in very large
uncertainties (model I). Models III (assuming X,=
ABP=0) and IV give unreliable estimations of the
parameters and should be avoided. Only model II which
includes X; (= AB®) and X, (AB") can be recommended.
Model V gives an estimate of the uncertainty of the
Pitzer parameters, and shows that it is not possible to
determine precise values, even from these precise log K
data, and with a known value of log K°.

The examples can be multiplied, and our experience
shows that the conclusions remain essentially the same
as for the reaction discussed above: as a rule, it is
impossible to get a statistically significant value of the
ternary interaction parameter X, for a reaction from the
set of experimental log K data; the value of log K° will
have a larger uncertainty than the corresponding SIT
estimate; the estimation of X, (ABY) is very uncertain.
These conclusions are similar to those of Marshall et al.®
for osmotic coefficients data for 1-1 electrolytes, even
though the typical errors in the parameter estimates are
at least two orders of magnitude smaller than for complex
formation reactions.

The example does not indicate that the Pitzer model
should be replaced by the simpler SIT model, only that
some simplifications are required when applied to equilib-
rium constant data. The previous example indicates that
an estimate of the parameter AR is particularly useful,
a method analogous to the one described by eqn. (16) is
described in the following:

For chemical equilibria studied in the presence of an
ionic medium (/<4 mol kg~!) one may neglect all para-
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Table 2. Regression results for data of log K for the reaction H* + 50,2~ =HSO,~ in NaClO, medium at 298.15 K; see text

for details.?
Pitzer model, the values of parameters in variants |-V
‘Tabulated’
SIT model Parameter | 1l v \ values
log K°=1.989 log K*® 2.10+0.27 2.04+0.20 2.13+0.13 2.23+0.11 1.987 1.987 +0.009
+0.084
Ae=0.003 X1 —0.45+0.88 —-0.19+0.16 —0.56+0.21 —-0.34+0.21 —-0.18+0.60 —0.15+0.05
+0.051 (—0.16+0.11)
X, —0.46+3.40 —1.39+134 (0) (0) —1.67 +1.67 —0.995
(—1.73+0.57)
X3 0.05+1.02 (0) 0.07+0.07 (0) 0.005+0.128 —0.006+0.010
(0)

“The symbol (0) means that this parameter was set equal to zero in the data fitting. Note, that Ac = Ag,/In(10). All uncertainties
are given as 3c. The values within parenthesis in column V denote a refinement of only X; and X,. The ‘Tabulated’ values

have been taken from the literature, cf. previous page.

| : 1 " 1 1 1 2 |

SIT model

Pitzer models:

1 Model I -
— == Model II
fn 54w Model 111
k= I —-——-- Model IV
1.2 1 L
0.9 - o -
0.6 T T T L

0.0 1.0 2.0 3.0 4.0
Molality of NaClO,

Fig. 4. Experimental and calculated concentration equilib-
rium constants for the reaction H* +S50,2” =HSO,~ in
NaClO4 medium at 298.15 K and 1 atm. The various curves
have been calculated using the models and parameters given
in Table 2 (see text for details).

meters accounting for triple ionic interactions (Cnx)
and binary higher-order mixing terms [®6,;(I)]. These
approximations will be discussed later. For 1-1 ionic
media we then obtain the following Pitzer-type statement
for the ionic medium dependence of In K:

InK°=InK+rlnay,o—AZ* Ay

1/2
X (m + b In(1 + bll/z))
+ AZ?m? B + 2mX, + 2mg(al V)X, (23)

[see eqn. (19) for notation]. The corresponding relation
for the SIT model is given by eqn. (22). After elementary
transformations we obtain:
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1/2 2 3[1/2
Y=|Adg| ——= +-In(l +bI"?) = ————
*\1+b1"2 7T p 1+ 1.5

— IH'BNX:| / 2m
/
1 Ag, X, 12
A7 (Xl-— 2 >+A22g(cx1 ) (24)

i.e. Y is a linear function of g(af'?), with the slope
X,/AZ* and the intercept (X;—Ag,/2)/AZ?. o is a fixed
empirical Pitzer parameter equal to 2.0 kg'/2 mol =%/ for
all electrolytes. Y can be calculated from the known ionic
strength, the Debye—Hiickel parameter 44 and Byy, 1.e.
the known value of B for the 1-1 ionic medium
electrolyte. The values of g(xI'/?) are obtained from the
ionic strength of the solution. In Fig. 5 we have plotted
the vatues of Y for some common 1-1 ionic media. The
linearity is good for all electrolytes considered, and the
values of the parameters (X, —Ae,/2)/AZ* and X,/AZ*
determined for each electrolyte are given in Table 3. As
these parameters, especially the slope, do not vary much
with the nature of the 1-1 electrolyte, one can use all
the data to determine one common set of parameters
(see the last line of Table 3, where the uncertainties are
given as 3c). This finding is very convenient for the
estimation of the Pitzer parameter AB‘Y for reactions,
because it only requires the value of the sum of squared
charges of the ions participating in the reaction, AZ>
One can show that for isocoulombic reactions, where
AZ?=0, the proposed result is consistent with AB® =0.
Using the data in Table 3 we can now estimate the values
of X, and X, for the protonation of sulfate. We obtain
X;=-—0.11£0.07 and X,=—1.354+0.05, in good agree-
ment with the results in Table 2.

The relationship (19) was obtained by neglecting the
contribution of the terms for higher-order electrostatic
unsymmetrical mixing. By including these terms the slope
of the function Y is changed somewhat, particularly for
ions of charge 3, or higher.
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Fig. 5. The relationship between the SIT parameter Ae, and
the Pitzer parameters AB® and AB‘" for reactions studied in
solutions of different 1-1 ionic medium electrolytes at
298.15K and 1atm. The solid lines corresponds to the
common slope accepted for all 1-1 electrolytes, see text and
Table 3 for details. The various symbols are calculated values
from eqn. (23), using known Pitzer parameters for the differ-
ent ionic media. The full-drawn curves are least-squares fits,
which show an excellent linearity over the ionic strength
range from 0.1 to 6 mol kg~".

Table 3. Relation between the Pitzer and the SIT parameters
for the complex formation reactions studied in different 1-1
electrolyte ionic media at 298.15 K and 1 atm.

1-1 electrolyte (X1—Ae,/2)/AZ? X,/AZ?
NaClO, 0.031 0.340

LiCIO, 0.038 0.348

HCIO, 0.032 0.342

NaNOs 0.026 0.334

KNO; 0.019 0.327

NaCl 0.030 0.332

All data 0.029 +0.005 0.337+0.014

Because the determination of the Pitzer parameters for
a reaction (or for complexes) from log K data is an ill-
conditioned problem it is rarely possible to determine
more than one interaction parameter. We therefore sug-
gest the following strategy when using log K data deter-
mined in 1-1 electrolyte ionic media, to determine
the Pitzer parameters for complexes: (1) Use the SIT
equation to obtain log K°. (2) Estimate X, from the
AZ? value for the reaction if the charge of the
reactants/products do not exceed 2 and calculate
X, using X, as a fixed parameter. Terms, including
m?A| Z| Cxx [see eqn. (21)] and higher-order electrostatic
unsymmetrical mixing terms for all ions, including the
complexes, could be taken into account in the regression
procedure. (3) Calculate the Pitzer parameters for the

complexes from the values of with AB® and with AB®
and the corresponding quantities B® and B® for the
reactants. (4) In order to describe equilibrium data at
higher ionic strengths or mixed electrolyte systems, it is
necessary to determine additional interaction parameters.
This can only be achieved by additional equilibrium
constant measurements under these conditions.

Determination of the Pitzer parameters for
aqueous species of uranium at 298.15 K and
1atm

We have used the procedure outlined above for the
determination of the Pitzer parameters for aqueous
species of uranium at 298.15 K and 1 atm. These data
may be used with existing computer codes for the
modeling of equilibrium systems in different environ-
mental and geochemical applications.

There is the extensive and well documented review on
the thermodynamics of chemical compounds of uranium,
including aqueous complex species,'? which is used as a
source of log K values, both in concentrated ionic media
and at infinite dilution. Note that only very few log K
data were judged to have an uncertainty +0.15 log units,
or less, by the reviewers.

Based on the previous discussion, we determined the
Pitzer parameters for aqueous complexes of uranium
as follows:

(1) All values of log K for a reaction, accepted as
reliable in Ref. 12, have been considered. If the log K
values were reported in molar units, they were recalcu-
lated to the molality scale as described in Ref. 12, p. 23,
using the values of solution density from Soéhnel and
Novotny.*

(2) The values of B@, BY, C®, and of the mixing
parameters for the ionic species were taken from Pitzer,?
and the values of 6 for the UO,*>*-Na™, and V for
the UO,2*-Na*—ClO,” interactions from Kim and
Frederic.?® The values used in our analysis are given in
Table 4. The values of the higher-order electrostatic terms
for unsymmetrical mixing of ions of the same sign were
calculated for all species including the uranium ones,
following the numerical procedure recommended by
Pitzer.?

(3) A weighted general linear regression method,
as outlined in Ref. 23, was used to derive the inter-
action parameters. The weight w of an experimental
value was defined as w=1/8% where &=In(10)
[6%(log K)+8%(log K°)]¥?. The uncertainties in the
experimental log K data, 6(logK), and in log K°,
3(log K°), were taken from Grenthe et al.'? The values
of log K° from the same source were used as a fixed
parameter in the regression.

(4) All terms accounting for triple ion interaction of
the uranium complexes were neglected, and only the
parameters B and BY are used to describe the ion
interactions of the charged complexes. The interaction
parameter B© determined from the log K data in this
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Table 4. The values of the Pitzer parameters (in kg mol™")
used (source: Pitzer,® except for 8 for Na*, UO,2" and s for
Na*, UO,%", ClO," interactions).2®

lon combination g [ c®

H*, CI™ 0.1775 0.2945 0.00080
H*, Br~ 0.2085 0.3477 0.00152
H*, I 0.2211  0.4907 0.00482
H*, ClO,~ 0.1747 0.2931 0.00819
H*, NO;~ 0.1168 0.3546 —0.00539
H*, HSO,~ 0.2065 0.5556

Na*, F~ 0.0215 0.2107

Na*, CI~ 0.0765 0.2664 0.00127
Na*, ClO,~ 0.0554 0.2755 —0.00118
Na*, NO3~ 0.0068 0.1783 —0.00072
Na*, CNS~ 0.1005 0.3582 —0.00303
Na*, HSO,~ 0.0454 0.398

K*, NO3~ —0.0816 0.0494 0.00660
K*, CNS~ 0.0416 0.2302 —0.00252
Na*, COz2~ 0.0363 1.510 0.0052
U0,%*, Clo,~ 0.6113 2.144 0.02168
U0,%*, CI- 0.4274 1.644 —0.0368
U0,%*, NO3~ 0.4607 1.613 —0.0316
lon combination (C] lon combination v

H™, K~ 0.005 H™, Na“", CI~ —0.004
H™, Na~ 0.036 H™, Na™, ClO,~ —0.016
Na®, UQ,2* 0.0231 Na*, UO,2*, ClO,~ —0.0437

way is equal to the sum B®+0, where 0 is the mixing
parameter accounting for the interaction of a charged
uranium complex with the ion of the ionic medium with
the same charge sign. However, there is usually no
information available to separate these two terms.

(5) For equilibria involving ions with charges one or
two, we used the correlation between AZ? and ABY to
estimate AB® for a reaction. Using the values of B of
the other reaction participants the unknown B para-
meter for the complexes was calculated. As an example
we consider the equilibrium:

200,2* + 2H,0(1)=(U0,),(OH),2* + 2H*

in a NaClO, medium. AZ? is equal to —2, and from the
correlation derived above it follows that AP =0.67,
where

(1) — R() 1) (1)
AB = B(Uoz)z(om;“,cm; + 2|3(H+.c104— - 25U02“,c10;

With B co,- =0.2931 and B 2+ o, =2.1443
(Pitzer)* we obtain Bi{),),om,2*.ci0,” =3.05. The values
of BV estimated in this way are given without uncertainty
limits in Table 5. For two of these reactions the number
of data was sufficiently large to permit a determination
of both B and B, and their uncertainty, which is very
large for B,

For equilibria involving ions of charge three, or higher,
the contribution of BMg(af'/?) to the virial coefficient B
is sufficiently large to allow a determination of both B©
and B, as indicated in Table 5. We have also calculated
the value of B using a fixed average value of B® for
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these charge types. These values are given within paren-
thesis in Table 5. Both models give very nearly the same
accuracy in the calculated activity coefficients, indicating
that estimates of both B and B are possible even if
few experimental log K data are available.

(6) For some reactions only 1 to 3 values of log K
have been experimentally determined, sometimes only at
one ionic strength. Nevertheless, Grenthe et al.'? estim-
ated the values of €,(j, j) for these complexes or Ae, for
reactions and log K°. The values of B‘” and B for these
species are crude estimates only, therefore they are
denoted by ~ in Table 5.

The dependence of log K on the concentration of the
ionic medium for some reactions calculated using the
interaction coefficients in Table 5 are shown in Fig. 6;
the two curves refer to the Pitzer (full-drawn line) and
SIT (dashed line) models. Both models in general describe
the experimental data with the same accuracy in the
ionic strength range studied. The scattering of the experi-
mental data around the calculated curves is within the
estimated uncertainties of the experimental log K values.

Table 5 also includes interaction parameters for UO, ™"
and U**. These have been obtained from redox data, as
described below for the case of U**. The published
redox potentials, E°, on the NHE (normal hydrogen
electrode) scale for the couple UO,2*/U*" refer to the
following cell:

Pt()Hy(g fu,=1), H'(ay+ =1) | UO*" (ayo,2+)
Ut (ays+), H* (ay+)Pt(s)

with the cell reaction

UO,** + H,(g, 1 atm) + 2H* = U** + 2H,0(1)
and the equilibrium constant

F
%E(’ =InK°=In K+ In yye+ —Inyyo,2+ — 2 In yy+

- ]anz + 21In aH20

where fy, is the fugacity of hydrogen, which is equal to
one in the NHE. The activity coefficients refer to the
right-hand half-cell (in the left they are by definition
equal to unity).

Conclusions

We have discussed methods to estimate the Pitzer para-
meters for complexes from a small number of equilibrium
constants obtained in ‘constant ionic media’. Since it is
often impossible to determine both log K° and all Pitzer
parameters for the ion interactions between the complex
and other species present, some estimates of the para-
meters, or other simplifications are necessary. We suggest
that the value of log K° estimated from the SIT equation
is used as a fixed parameter, and that the Pitzer para-
meters are estimated as follows: For reactions involving
species of charges one and two in an ionic medium of
an 1-1 electrolyte, we suggest the use of the correlation
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Table 5. The evaluated values of the Pitzer parameters B'® and B'" in kg mol~", for uranium aqueous species, the errors are

given as 30.7

Combination of ions g ptm

1-1 interactions

(UO,)5(0H)5*, ClO,~ 0.07 +0.09 3.0
(UO,)3(0OH)s ™, CI- —0.02+0.20 1.4
(UO,)3(0H)s*, NO3~ —0.15+0.53 1.1

UO,F*, ClO,~ 0.20+0.08 1.0

Na*, UO,F5~ —0.31+0.14 0.5

Uo,*, ClO,~ 0.24+0.02 0.7

UO,CNS, ClO,~ 0.19+0.08 1.1

UO,CNS, NO5~ 0.27+0.11 0.6

2-1 interactions

(UO,),(0H),2*, CIO,~ 0.56+0.03 3.0
(UO,),(OH),2*, CI™ 0.40+0.03 2.0
(UO,),(OH),2*, NO3~ 0.42+0.14 1.9
(UO,)3(0OH),2*, CIO,~ 0.76+0.48 3.9
(UO,)3(OH)2*, CI™ —0.15+0.31 2.4
(UO,)3(0H)2*, NO3~ 0.50+0.63 2.1

Na*, UO,F,2~ —0.17+0.50 1.4

UF,2*, ClO,~ 0.61+0.38 1.1+3.1
U(NO3),2*, ClO,~ 0.99+0.20 156+15
Na*, U0,(50,),2* 0.30+0.16 1.9

US0,%*, ClO,~ ~0.42 ~3.7

Na*, UO,(CO3)52~ —0.12+0.12 25
U(CNS),2*, Cl0,4~ ~0.67 ~22

3-1 interactions

UOH3*, CI0,~ 1.29+0.13 (1.26 +0.07) 5.0+0.6 (5.2)
UOH3*, CI™ 0.81+0.21 (0.64+0.08) 46+0.7 (5.2)
UF%+, ClO,~ 0.95+0.20 (1.1440.13) 7.2+1.9 (5.2)
UNO3**, CI0,~ 1.42+0.17 (1.44+0.04) 5.3+1.2 (5.2)
UcCr+, Clo,” 1.38+0.41 (1.49+0.11) 5.9+2.0 (5.2)
ucr+, cI- ~1.2(~0.9) ~4.1(5.2)
UBI,3+I ClO,~ ~1.4 (~1.5) ~5.5 (5.2)
UIRt, CIO,~ ~13(~15) ~6.1(5.2)
UCNS3*, ClO,~ ~1.3(~1.6) ~6.6 (5.2)

4-1 interactions

U4, Clo,~ 2.00+0.21 (2.244-0.12) 13.3+ 1.5 (11.4)
utt, CI- ~15(~1.8) ~12.9 (11.4)
Na*, UO,(CO3)5*~ 0.88+0.64 (0.94+0.22) 11.8+3.8 (11.4)
Na*, U(CO3),*~ ~1.1(~1.0) ~10.7 (11.4)

5-1 interaction

Na*, UO,(COs)s* 1.41+0.69 22.2+45.0
Interactions involving neutral complexes

UO,F,(aq), Na* +CIO,~ —-0.10+0.11

U(SOy4),(aq), H +ClO4- 0.45+0.12

UCOz(aq), Na* +ClO,~ —0.07+0.08

UO,(CNS),(aq), Na* +CIO,~ ~—0.08

UO,(CNS),{aq), Na* +NO3~ 0.17+0.16

2The values of B given without uncertainty were estimated using the proposed correlation between AZ? and AP for reaction,
the '~ stands for a preliminary estimation, based on very few data, see text. The values given within parenthesis for the 3-1
and 4-1 interactions have been obtained using the fixed average value of B given within parenthesis in the last column.

between AZ? and ABY. For ions of higher charge it is
possible to obtain estimates of both AB® and AB® from
a least squares treatment of the equilibrium constant
data. In this way, we have estimated the Pitzer parameters

for more than 30 combination of ions involving different
uranium species. We have also pointed out that it is not
advisable to ‘simplify’ the Pitzer model by setting BV’ for
individual complexes equal to zero. The procedure out-
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Fig. 6. Two examples of experimental and calculated log K
for complex formation equilibria using the estimated Pitzer
parameters from Table 5 (solid line) and the SIT model
(dashed line).

lined makes it possible to use the information on complex
formation, acid/base and redox equilibria obtained in
ionic media, and the Pitzer parameters for strong electro-
Iytes for the modeling of complex equilibrium systems
over a large range of ionic strengths/ionic compositions.
The most important use of such models is often to
determine the predominant chemical processes and the
chemical form of the components in complicated equilib-
rium systems. Data of this type are essential in perform-
ance and safety assessments of waste repositories of
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various types and for the discussion of trace metal
transport in ground and surface water systems.
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