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1 Purpose of this Guideline 5

Guidelines for the Extrapolation to Zero Ionic
Strength

1 Purpose of this Guideline

The objective of this guideline is to describe the scientific basis and illustrate the
standard procedure in the NEA TDB Project for the extrapolation and correction
of equilibrium data to the infinite dilution standard state. This procedure is known
as the SIT approach (Specific Ion Interaction Theory) and is derived from the
Bronsted-Guggenheim-Scatchard specific ion interaction method. This method
has been chosen because of its robustness in analysing experimental data from
diverse sources, its capacity to provide good estimates of activity coefficients, its
simplicity of use and the possibility, by using charge/ion size correlations, to
estimate unknown values for its parameters, the so-called ion interaction
coefficients.

In addition, this guideline describes other methods of extrapolation to zero
ionic strength commonly encountered in the literature and gives arguments to
justify the method preferred in the NEA TDB Reviews.

Recommended values of the SIT parameters stemming from the literature
and the previous TDB Reviews are also given in Tables.

Members of the NEA TDB teams performing the review are requested to
adhere to the procedure specified in this Guideline, thus contributing to preserve
the consistency of the NEA Thermochemical Database.

2 Background to the problem

The compilation of a database including aqueous species is invariably related to
activity coefficient calculations, since it is generally impossible to study equilibria
in standard state conditions (i.e., at unit concentrations and zero interactions
between dissolved species). In general, equilibrium constants are determined at a
constant value of ionic strength, decided by the experimentalist and related to the
complexity of the system to be studied. The equilibrium constants thus determined
are conditional constants, i.e. valid only for the conditions in which they have
been determined.
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Complex formation, redox or solubility equilibrium studies are based on
the determination of the activity of the ligand, the free metal ion or of the
complexes formed in test solutions of known total concentrations, as well as
mass-balance equations for these components. In order to use the former in
combination with the latter, it is necessary to have information on the activity
coefficients of reactants and products. In addition, one needs experimental
information of one or more of the free concentrations of these species. As
thermodynamic data are based on activities it is necessary to find methods that
relate concentrations and activities — this is the key issue discussed in the present
text. These methods include among others: ion selective electrodes, redox
electrodes, measurements in two-phase systems and spectrophotometric
techniques of various types.

The aim of the experimental studies is the simultaneous determination of
the complexes formed (chemical model) and their stability constants. Calculation
methods are based on the comparison of the experimental data with a pertinent
chemical model, through graphical methods and/or computer programs. The ionic
medium method 1s the most common method to relate concentrations and
activities. According to this method, precise thermodynamic information for a
given system can be obtained in the presence of an inert electrolyte (the ionic
medium) of sufficiently high concentration (0.5 to 4 mol-L™', much higher than
that of reactants and products in the reaction studied), in order to ensure that
activity coefficients of the reacting species remain reasonably constant during the
measurements. As shown in Section 2.1, it is practical to define a conditional
standard state, where the activity coefficients of reactants and products are unity
in the selected ionic medium. These data must then be recalculated to the common
standard state in a pure water solvent.

The TDB reviewers cope with the issue of extrapolating data obtained in
different ionic media to the standard state of zero interactions (infinite dilute
aqueous solution) using methods briefly described in the following.

2.1 Ion interaction and ion association approaches

Thermodynamic data always refer to a selected standard state. The definition
given by IUPAC [1982LAF] is adopted in the NEA TDB project as outlined in the
TDB-5 guideline [2000WAN/OST2]. According to this definition, the standard
state for a solute B in a water solution is a hypothetical solution, at the standard
state pressure, in which mg = m° = 1 molkg ', and the activity coefficient j3 is
that at infinite dilution (unity). However, as stated in the preceding paragraphs, for
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many reactions, measurements cannot be made accurately (or at all) in dilute
solutions from which the necessary extrapolation to the standard state would be
simple.

Mean activity coefficients for pure electrolytes can be determined
experimentally, but this is not the case for metal-ligand systems where in general
several complexes are present, the relative amounts of which vary depending on
the total ligand and ionic medium concentrations. Currently, all practical methods
for the estimation of activity coefficients in such systems are semi-empirical (that
is to say, although they are plausible based on current electrolyte theories, their
practical use involves parameters whose numerical value cannot be determined
without recourse to experimental measurements).

Several methods have been developed to describe mean activity
coefficients (and single-ion activity coefficients) both for single and mixed
electrolyte systems and these will be discussed in the following section. However,
the focus will be on systems where complex formation occurs, which have been
studied experimentally using the ionic medium method. For a detailed discussion
of these, see Chapter IX at the NEA TDB Project publication “Modelling in
aquatic chemistry” [1997ALL/BAN]. Two of them are frequently encountered
and each of them in various formulations':

All thermodynamic discussions require a detailed specification of the
system under scrutiny, such as temperature, pressure and chemical composition
under standard state conditions. The latter is often different from the conditions
used in experimental investigations and it is necessary to apply corrections of
these data so that tabulated values refer to standard state conditions. The methods
for doing so will be described in the following text, but before a general survey
outlining the basic principles for such corrections is required. For pure substances
the standard state is usually 25 °C and 0.1 MPa and, thus, corrections to standard
state conditions are straightforward. This is not the case for reactions in solution
because the interactions between the components and between these and the
solvent are strongly dependent on their nature and concentrations, and they are
particularly important in systems that contain charged species. The magnitude of
the interactions decreases with decreasing concentration of the species in solution
and it is therefore natural to select the infinite dilute solution as the standard state.
That is, the standard state is the hypothetical condition where there are no

' Other methods have been proposed in the literature, such as, for example, the ion-hydration

method [1959ROB/STO].
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interactions between the species in solution and between these and the solvent; the
standard state for the solvent is accordingly the pure solvent. Deviations from
standard state conditions are described with activity factors. Tabulated
thermodynamic data refer to one mol of substance. In the following the focus will
be on reactions in aqueous solution, such as complex formation, solubility and
redox reactions.

Interactions between charged species are much larger than those between
uncharged species and the activity coefficient correction for the latter is therefore
both simpler and more accurate. The majority of the data in the NEA TDB refer to
ionic species and their reactions. Here the ion—ion interactions are very strong and
extremely dilute systems are necessary to minimize them; for electrolytes with
charge +1, the interactions are small for concentration smaller than 10~ M. Not
surprisingly the magnitude of the ion—ion interactions increases with the charge of
the interacting species and for ions with charges higher than +1, much lower
concentrations are necessary to minimize their interactions; concentrations that are
so low that it is difficult or impossible, to obtain accurate experimental
information. Experimental studies of such systems have been carried out using the
so-called ionic-medium method. In this method, the standard state for the solvent
is defined as unity in an aqueous solution containing an electrolyte (usually a 1:1
strong electrolyte like NaClO4, NaCl or NaNOs at a certain ionic strength, /),
where the ionic strength is much larger than the concentration of reactants and
products in the reactions studied. Because of the low concentration of the
reactants/products, their mutual interactions are much smaller than their
interactions with ions in the ionic medium and these interactions will be relatively
constant for moderate variations of the concentrations of reactants and products in
an experiment. An important effect of this is that the solutions can be described as
“infinite” dilute if the reactants/products have concentrations that are less than a
few percent of that of the ionic medium. Experimental solution chemical data
obtained using the ionic-medium method therefore refers to standard state
conditions, one for each ionic medium used, where the activity factors of
reactants/products are defined as one and the activity of the ionic medium as
unity; each of these standard states are different and also different from “pure
water”. This approximation is only valid if the concentration of the ionic medium
is much larger than that of the reactants/products, a condition usually met in
experimental studies of systems with strong complex formation, but not in
systems where weak complexes are formed, because in these it is necessary to use
high concentrations in order to identify the complexes formed and their
equilibrium constants.
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Many reactions in the NEA TDB reviews have been studied in different
ionic media where the standard states differ, hence, it is necessary to provide a
link between them in order to compare them on an equal footing. For this purpose,
the NEA TDB has selected the “pure water/infinite dilution” standard state.

The nature of ion—ion, ion—dipole and dipole—dipole interactions are well-
known and can therefore be described with scientifically sound microscopic
models, as described in the following section. The models include parameters that
describe these interactions, but these cannot be determined from first principles,
and have to be determined by experiment. As thermodynamic data have been
obtained under very many different experimental conditions it is essential to
ensure that these parameters can be transferred from one condition to others.

2.1.1 The basic science behind the models for estimation of deviations
from ideality in electrolyte solutions

The Debye-Hiickel model

The models used to describe deviations from ideality and activity coefficients in
electrolyte systems all have the simple Debye-Hiickel model as starting point. The
Debye-Hiickel model/equation has a firm theoretical basis and does not contain
any empirical parameters. It is based on three assumptions:

e All ions can be considered as point charges

e The only interactions between ions are electrostatic

e The effect of counterions, j, on a particular ion, i, of opposite charge can
be described as due to a static ion-cloud.

These assumptions lead to the limiting Debye-Hiickel equation where the
single-ion activity coefficient for an ion, y;, with charge z; is:

log, 7, = 41, (1)
where the quantity 4 has the same value for all ions and 7, refers to the ionic
strength of the solution. Experimental data show deviations from this fundamental
relationship outside the extreme dilution range, and also the activity factors are
not the same for all ions at a given ionic strength. Different empirical methods
have been used to extend the range of validity of the Debye-Hiickel model, the
first one by including an ion-size parameter, resulting in the following expression:

AT, o

lo =
8107 1+Bai\/z
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The quantity B is given by theory and has the value of 0.3283 kg'*mol A",
however, a; (ionic size) does not have a standard value, and also, no experimental
or theoretical data are known. There is a qualitative theoretical basis for taking the
finite size into account, but no quantitative method of doing this, thus, @; has to be
treated as an empirical parameter.

The Davies model

The Davies equation [1962DAV] has been used extensively to calculate activity
coefficients of electrolytes at fairly low ionic strengths, in combination with an
ion-association approach. At 25 °C and for an ion i of charge z, the activity
coefficient is equal to:

1
log,, yl:—Azf( A —0.31,"]. (3)

1+/1,

The equation is empirical, but is found to work fairly well up to ionic
strengths of 0.1 mol-kg™' for single electrolytes; it is, however, not able to take
electrolyte-specific effects into account. To describe these, one is forced to
introduce the concept of ion pairing, described by equilibrium constants between
the single electrolyte anion and cation, c¢f. Section 3.1. The weakness of this
method is that there is rarely independent information on ion-pair formation — in
addition these complexes are so weak that it is necessary to make large changes in
the ionic medium in order to identify them. For reasons discussed further down,
the Davies equation should not be used in the NEA TDB reviews.

lon association approaches

Ion association approaches consider ion-pair formation in order to account for
differences in mean-activity coefficients between electrolytes at the same ionic
strength and as a result the ion-pairs must also be taken into account in the
calculation of a reduced (effective) ionic strength. They rely on the use of
functions where the activity coefficients depend only on the ionic strength, cf.
[1962DAV], [1962LIE/STO] and [1967HEL]. This approach has been used
extensively in marine chemistry, cf. [1979JOH/PYT], [1979MIL], [1979PYT],
and [1979WHI]. The activity or osmotic coefficients are interpreted using
association constants and an expression for the dependence of activity coefficients
of all species only on an effective ionic strength. The free ions (i) and ion pairs ()
are assumed to be in equilibrium and an effective ionic strength, /., instead of the
stoichiometric /, is defined as:
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I,=05[Z%; zP mj(free ions) + %, zj2 mj(ion pairs)].

To formulate an ion association model, in practice, it is necessary to
specify:

e The solution components (including complexes and ion pairs, assumed to
exist).

e Activity data for all model species as functions of effective ionic strength.

e Stability constants for ion pairs and other equilibria under infinite dilution
conditions.

Therefore, the first choice that needed to be made for the NEA TDB
Project was whether to adopt an ion association or an ion interaction approach.
As stated in the preceding section, the problem most often encountered in the
NEA TDB review work is the estimation of activity coefficients of metal and
ligand ions and complexes in trace concentrations in the presence of a
concentrated ionic media. For such cases, ion interaction approaches are more
advantageous (see arguments presented by Harvie et al. [1984HAR/MOL]. For
this reason, an ion interaction approach seems a more adequate and flexible
choice compared to an ion association one. In particular, as the latter requires the
introduction of a large number of ion pairs while fewer interaction coefficients are
required in ion interaction approaches.

Specific ion-interaction methods

These methods take both long-range electrostatic and short-range specific ion-ion
interactions into account and are based on the following assumptions:
e The interactions between ions A and B are specific for those particular
ions and the same even in the presence of other ion species.
e The magnitude of the deviation from ideality depends on the concentration
of the solutes (and the solvent).
e Deviations from ideality can be described with virial equations, where the
first term is based on the Debye-Hiickel theory.
e All methods for the estimation of deviations from ideality, such as activity
coefficients, must approach the Debye-Hiickel limit with increasing
dilution.

In the first approximation of the virial expansion, only one interaction term
is used to describe the non-electrostatic interactions between two species; the
interaction parameters are considered to be independent of the ionic strength and
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for a given pair of ions to be independent of the presence of other ions. This is the
basis for the specific ion interaction theory developed by Bronsted, Guggenheim
and Scatchard and described in Section 2.4. The specific ion interaction
parameters are empirical, and have to be determined experimentally, either from
activity coefficient data or from equilibrium constants determined in different
ionic media and at different ionic strength; however, they do have a theoretical
basis.

When experimental data are sufficiently accurate it may be possible to take
into account the concentration dependence of the specific ion interaction
coefficients and also the interactions between three, or more species. The Pitzer
model, described in Section 3.2, takes these interactions into account. The
parameters have to be determined experimentally and this is in general only
possible from activity coefficient data in systems of strong electrolytes but not
from equilibrium constants, cf. Chapter IX of [1997ALL/BAN]. It is important to
note that interaction coefficients for complexes also in the Bronsted, Guggenheim
and Scatchard approach must be determined from the ionic medium dependence
of equilibrium constants.

2.2 Formulations of the ion interaction approach

The following formulations of the specific ion interaction approach have been
described in the literature®:

1. The Brensted-Guggenheim-Scatchard approach (abbreviated “B-G-S
equation” in this document, and “SIT” derived there from), cf. this section.

2. The Pitzer and Brewer “B-method” (abbreviated “P-B” in this document)
cf. Section 3.1.

3. The Pitzer virial coefficient method, cf. Section 3.2.

Formulations 1 and 2 are equivalent and differ only in the form of the
denominator in the Debye-Hiickel term. Formulation 3, involving quadratic terms
in the virial expansion in molalities, requires more parameters for the description
of the activity coefficients. While most of the required parameters for
implementing calculations with the Pitzer virial expansion (Formulation 3) can be

> The approaches followed by Mesmer [1971MES], Bromley [1973BRO] and Vasiliev
[1962VAS] are also formulations of this method, as are some others. All of them can be roughly
described as giving the logarithm of activity coefficient as a sum of a calculated extended Debye-
Hiickel term plus a virial expansion in the molalities of ions with coefficients depending on the
nature of the ions.
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obtained by measuring excess properties of pure solutions, a problem arises in the
case of equilibria involving formation of metal ion complexes, because the
corresponding solutions of these complexes and a counter-ion can in general not
be prepared in the laboratory. An extensive comparison of formulations 1 and 3
can be found in Chapter IX of [1997ALL/BAN].

The specific ion interaction formulations are reliable for the inter-
comparison of experimental data from different experimental sources in a given
concentration range. Moreover, calculations with all three formulations are easily
applied: formulations 1 and 2 (the SIT and the P-B models) can be implemented
by linear regression procedures; formulation 3 requires, in general, non-linear
procedures. The robustness of the SIT model is the basis for its adoption for the
NEA TDB Review work, where there is a frequent need to ascertain whether
measurements of equilibrium constants by different authors in different ionic
media are chemically consistent and can be jointly extrapolated to obtain values at
zero ionic strength. In some cases, these extrapolations include data at rather low
ionic strengths, 7=0.03 to 0.1 M, cf. Figure 1, while in other cases, notably for
ions of high charge (> + 4 and < —4), the lowest available ionic strength is 0.2 M
or higher (see for example Figures V.12 and V.13 in [1992GRE/FUG]), resulting
in a larger uncertainty in the extrapolation to zero ionic strength. The
extrapolation uncertainty has two components: experimental and uncertainties in
the extrapolation model. The latter seems to be rather small for many systems,
less than 0.1 in log,y K°. For reactions involving ions of high charge, which may
be extensively hydrolysed, and where experiments at low ionic strengths cannot
be performed, it is not possible to estimate the extrapolation uncertainty, a feature
that is shared with all methods used to estimate activity corrections. Systematic
model uncertainties of this type are not included in the uncertainties assigned to
the selected data in the NEA TDB Reviews.

2.3 The SIT formulation in the TDB Project

The method used in the NEA Thermochemical Data Base Reviews is the specific
ion interaction theory in the form of the Brensted-Guggenheim-Scatchard
approach (“specific ion interaction” or “SIT” method). Early in the development
of the NEA TDB Project, two reasons led to the adoption of this method over the
other formulations of the ion interaction approach: first, it can be formulated in
linear terms offering a substantial degree of numerical uniqueness and robustness
in the fitted coefficients; second, reasonably good estimates of ion interaction
coefficients can be obtained from various correlation laws, which offers a
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particular advantage not only for prediction but also for checking the reliability of
experimentally determined values.

It should be emphasised that the “B-G-S equation” or “SIT” specific ion
interaction approach is a model and, as such, an approximation. Extensions and
modifications have been proposed. Modification, for example, by introducing the
equations suggested by Ciavatta [1990CIA] (Egs. (11) and (14), c¢f. Section 2.7),
would result in slightly different values for the ion interaction coefficients.
However, as these modifications have no theoretical basis, they should be
avoided.

NEA TDB reviewers may sometimes have access to the parameters
required for ionic strength corrections using other ion interaction formulations
such as the Pitzer approach [1979PIT] for solubility product data or Baes and
Mesmer [1976BAE/MES]’ for hydrolysis equilibria. In these cases, the reviewer
should compare the results of the calculations using the B-G-S equation and the
other ion interaction formulations, cf. Chapter IX of [1997ALL/BAN]. If the
results of the extrapolated constants differ more than the experimental uncertainty,
this should be brought to the attention of the NEA TDB Executive Group.

2.4 Fundamental assumptions

The Debye-Hiickel term, which is the dominant term in the expression for the
activity coefficients in dilute solution, accounts for long-range electrostatic
interactions. At higher concentrations, short range, non-electrostatic interactions
between ions have to be taken into account. This is usually done by adding ionic
strength dependent terms to the Debye-Hiickel expression (see below), as outlined
by Brensted ([1922BRO], [1922BR0O2]) and elaborated by Scatchard [1936SCA]
and Guggenheim [1966GUG]. The two basic assumptions in the specific ion
interaction method are described below.

Assumption 1: The activity coefficient y; of an ion j of charge z; in a solution of
ionic strength /,, may be described by Eq. (4)

log,, 7, =—z:D+ 25( Jok, I )m, 4)
k

where D is the Debye-Hiickel term:

> The main difference between the formulation by Baes and Mesmer [1976BAE/MES] and the
SIT is the numerical value of the constants in the denominator of the extended Debye-Hiickel
term.
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po_ AL )
1+1.51,

A 1is the Debye-Hiickel constant, which is temperature dependent
as listed in Table 2.

The value 1.5 in the Debye-Hiickel term was proposed by Scatchard
[1976SCA] and accepted by Biedermann [1975BIE] and Ciavatta [1980CIA] and
has been used in the NEA TDB Reviews. The origin of this empirical choice is
that it is found to minimize the ionic strength dependence of ¢(j,k,I,) between
I, = 0.5 and 3.5m. In the Pitzer model it is assumed that the first virial
coefficient, By, , is concentration dependent (see Eq. IX.13 in Chapter IX of
[1997ALL/BAN]). It should be mentioned that some authors have proposed
different values, ranging from 1.0 [1935GUG] to 1.6 [1962VAS]. However, the
parameter is empirical and as such correlated to the value of ¢(j,k,/,). Hence,
the different values do not represent an uncertainty range, but rather indicate that
several different sets of values in the denominator of the Debye-Hiickel term and
&(J,k,1,) may describe the experimental mean activity coefficients of a given
electrolyte equally well. The ion interaction coefficients listed in Table 4 through
to Table 6 have thus to be used with the value 1.5 kgl/ 2.mol "%,

The summation in Eq. (4) extends over all ions k present in the solution,
with molalities denoted my. The concentrations of the ions of the ionic medium is
in general a lot larger compared to those of the reacting species. Hence, the ionic
medium ions will make the main contribution to the value of log,, y, for the
reacting ions. This fact often makes it possible to simplify the summation
> e(j,k,I,)m, so that only ion interaction -coefficients between the
réactants/products in the chemical reactions and the ionic medium ions are
included, as shown in Egs. (11) to (15), ¢f Section 2.7.

Assumption 2: According to the Brensted principle of specific interactions
[1922BRO], the ion interaction coefficients &(j,k,1,) are
expected to be small for ions of the same charge sign. Similarly
they should be small for interactions between uncharged species
(such as dipole — dipole interactions between neutral complexes
or dissolved gases) and electro-neutral combinations of ions.
However, when analysing data at very high concentrations or in
systems where high experimental precision has been attained, it
may be necessary to verify quantitatively the validity of this
assumption.
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The rationale behind this assumption for ions of the same charge sign is
that the ¢interaction parameters, which describe specific short-range interactions,
must be small since ions of the same charge sign are usually far from one another
due to electrostatic repulsion. The need to describe systems at high concentrations
and recent progress in experimental techniques leading to high precision
measurements, make it necessary to allow for the possibility of modifying
Brensted’s original proposal and to estimate the deviations between experimental
and the SIT data. However, the systematic addition of extra terms to describe
these deviations is not foreseen in the NEA TDB Review work; reviewers should
be prepared to encounter small but significant differences in A values determined
in different ionic media, that may be used to obtain interaction coefficients in each
ionic medium and to estimate the uncertainty in the thermodynamic quantities at
zero ionic strength. These interaction coefficients should be reported with a note
in the tables compiled by the NEA TDB specifying the medium in which the
corresponding value is obtained.

2.5 Activity coefficients for uncharged species

For uncharged solutes in the ionic medium, the SIT Eq.(4) is reduced to only one
term, which is equivalent to the Setschenow equation [1952LON/MCD]. In this
case a linear dependence of log, yx on the electrolyte concentration is observed.
If mw is the activity coefficient of the uncharged molecule in an aqueous
electrolyte solution MX of molality myx, then:

l0g1oyn = g(N, M* + X’)mMX =¢(N, MX)L,

In practice, for NEA TDB review work, it should be noted that for a large
majority of systems encountered in the literature, the Brensted principle of
specific interactions (leading to the basic Assumption 2) is expected to hold.
Reviewers should therefore not use interaction coefficients between ions of the
same charge type, or for neutral molecules unless the experimental accuracy
justifies this. In these cases, reviewers should explicitly mention in their reports
the corresponding assumptions and supporting calculations.

In general, Eq. (4) should allow fairly accurate estimates of the activity
coefficients in mixtures of electrolytes if the ion interaction coefficients are
known. Ion interaction coefficients for simple ions can be obtained from tabulated
data of mean activity coefficients of strong electrolytes or from the corresponding
osmotic coefficients. Ion interaction coefficients for complexes can either be
estimated from the charge and size of the ion or determined experimentally from
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the variation of the equilibrium constant with the ionic strength.

2.6 Ionic strength dependence of ion interaction coefficients

Ion interaction coefficients are not strictly constant but may vary slightly with the
ionic strength. The extent of this variation depends on the charge type and is small
for 1:1, 1:2 and 2:1 electrolytes for molalities less than 3.5 m01~kg_1 and can, thus,
often be neglected. This point was emphasized by Guggenheim [1966GUG], who
presented a considerable amount of experimental material in support of it. The
concentration dependence is larger for electrolytes of higher charge. In order to
accurately reproduce their activity coefficient data, concentration-dependent ion
interaction coefficients have to be used, c¢f. Pitzer and Brewer [1961LEW/RAN],
Baes and Mesmer [1976BAE/MES], or Ciavatta [ 1980CIA]. The latter author has
proposed, for cases where the uncertainties in the ion interaction coefficients
exceed + 0.03 kg'mol ™, that these coefficients are taken as functions of the ionic
strength according to the expression:

=g + &-logio L. (6)

According to this equation ¢ — — oo when 7,, — 0, which is not acceptable.
The NEA TDB does not recommend the use of this equation, even if it has been
used in some cases in previous evaluations. If the experimental data justify ionic
strength-dependent interaction parameters, the NEA TDB suggests the use of a
virial expansion as outlined in [1997ALL/BAN]. For a binary electrolyte (i,/) this
results in the following expression for the mean-activity coefficient y.:

A z+z_|\/z

log,y 7. =————F=+¢&,,1.+ & 1 (7)

1+1.51, o

where the second and third terms can be written as:
el, = (&, + &0 ) - )

This expression has the required property that ¢ — ¢ ;; when 7,, — 0.

In cases where the extrapolation of experimental equilibrium constants at
different ionic strength does not follow the “standard” SIT model one should use a
function where Ae is replaced by Ag = Ag, +A52\/E , rather than the Ciavatta
equation.
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2.7 Ionic strength corrections with SI'T: complex formation
equilibria

The way in which the activity coefficient corrections are performed in the NEA
TDB reviews, according to the specific ion interaction method, is illustrated
below for the general case of a complex formation reaction (charges are omitted
for brevity):

mM + gL + nH,0 = M,,L,(OH), + nH". 9)

The formation constant of M,L,(OH),, *,Bq,n,m, determined in an ionic
medium (1:1 salt NX) of ionic strength 7, is related to the corresponding value at
zero ionic strength, *ﬂ; by Eq. (10):

n,m 2

1OgIO *ﬂq,n,m = 1OgIO *ﬁ;,n,m + mlOgIO yM + qIOgIO 7/L

+nlog,, A0 — log,, Vgnm — 1 log,, 74

(10)

The subscript (g,n,m) denotes the stoichiometry of the complex ion
M,,.L,(OH),. If the concentrations of N and X are much greater than the
concentrations of M, L, M,,L,(OH), and H, only the molalities mx and mx have to
be taken into account for the calculation of the term > &(j,k,I)m, in Eq. (4). For
example, for the activity coefficient of metal cation M, y,,, Eq. (11) is obtained.

—z2 A1
log,, 7M:%+E(Mﬂxﬂlm)mX (11)

Under these conditions, /,, = mx = mx. Substituting the log,, 7 values in
Eq. (10) with the corresponding forms of Eq. (11) and rearranging leads to:

log,, *ﬂq,n,m _AZZD_pIOgm ay o =log, *IB;,n,m —Ael, (12)
where at 25 °C:

0.509,/1,,
D=—"22X (13)
1+1.51,
Az* = (mz,, —qz, —n)’ +n—mz,, —qz; (14)
Ae =¢&(q,n,m,Nor X)+ne(H,X)—qge(N,L)—me(M,X) (15)

Here (mzm — gz1 — n), zw and z. are the charges of complex M,,L,(OH),, the metal
ion M and the ligand L, respectively.
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2.8 Taking into account the activity of water

Equilibria involving H,O (1) as a reactant or product require a correction for the
activity of water, a, . The activity of water in an electrolyte mixture can be
calculated as

1OgloaHzo = _¢mMHZO;mk /In(10) (16)

where ¢ is the osmotic coefficient of the mixture and the summation extends over
all ions k& with molality m, present in the solution. In the presence of an ionic
medium NX in dominant concentration, Eq. (13) can be simplified by neglecting
the contributions of all minor species, i.e., the reacting ions. Hence, for a 1:1
electrolyte of ionic strength /,, = mnx, Eq. (16) becomes

log,gay o = —2mx 9, My , / In(10) (17)

Values of osmotic coefficients for single electrolytes have been compiled
by various authors, e.g., Robinson and Stokes [1959ROB/STO]. The activity of
water is obtained by inserting Eq. (16) into Eq. (17). It should be mentioned that
in mixed electrolytes with several components at high concentrations, it may be
necessary to use Pitzer’s equation to calculate the activity of water from the
known activity coefficients of the dissolved species. For convenience, water
activities have been listed in Table 1 for some common ionic media. These have
been calculated applying Pitzer’s ion interaction model and the interaction
parameters given in [1991PIT]. On the other hand, a, , is nearly constant (and
close to 1) in most experimental equilibrium studies in dilute aqueous solutions,
where an ionic medium is used in large excess with respect to the reactants. The
medium electrolyte concentration thus determines the osmotic coefficient of the
solvent.

In natural waters the situation is similar, but the ionic strength of most
surface waters is so low that the activity of H,O (I) can be set equal to unity.
A correction may be necessary in the case of seawater, where a sufficiently good
approximation for the osmotic coefficient may be obtained by considering NaCl
as the dominant electrolyte.

In more complex solutions of high ionic strengths with more than one
electrolyte at significant concentrations, e.g., (Na', Mg>", Ca*")(CI, SOX),
Pitzer’s equations may be used to estimate the osmotic coefficient; the necessary
interaction coefficients are known for most systems of geochemical interest.
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Table 1: Water activities a, , at 298.15 K for the most common ionic media at
various concentrations calculated using Pitzer’s ion interaction approach and the
interaction parameters given in [1991PIT]. Data in italics have been calculated for
concentrations beyond the validity of the parameter set applied. These data are
therefore extrapolations and should be used with care.

Water activities a, ,, at 298.15 K

c(M) HCIOy NaClO; LiClOg4 NH,CIO, Ba(ClO,), HCI NaCl LiCl

0.10 0.9966 0.9966  0.9966 0.9967 0.9953 0.9966  0.9966  0.9966
0.25 0.9914 09917 0.9912 0.9920 0.9879 0.9914 09917 09915
0.50 0.9821 09833  0.9817 0.9844 0.9740 0.9823  0.9833  0.9826
0.75 0.9720 09747 09713 0.9769 0.9576 0.9726  0.9748  0.9731
1.00 0.9609  0.9660  0.9602 0.9694 0.9387 0.9620  0.9661  0.9631
1.50 0.9357 09476  0.9341 0.9542 0.8929 0.9386  0.9479  0.9412

200  0.9056 0.9279  0.9037 0.8383 09115 09284  0.9167
3.00  0.8285 0.8840  0.8280 0.7226 0.8459  0.8850  0.8589
400  0.7260 0.8331  0.7309 07643  0.8352  0.7991
500 05982  0.7744 0.6677  0.7782  0.7079
6.00  0.4513  0.7075 0.5592 0.6169
c(M) KCl NH,Cl MgCl,  CaCl,  NaBr HNO;  NaNO; LiNO;

0.10 0.9966 0.9966  0.9953 0.9954 0.9966 0.9966  0.9967  0.9966
0.25 0.9918 0.9918  0.9880 0.9882 0.9916 0.9915  0.9919 0.9915
0.50 0.9836 09836 09744 0.9753 0.9830 0.9827  0.9841  0.9827
0.75 0.9754 09753  0.9585 0.9605 0.9742 0.9736  0.9764  0.9733
1.00 0.9671  0.9669  0.9399 0.9436 0.9650 0.9641  0.9688  0.9635
1.50 0.9500 0.9494  0.8939 0.9024 0.9455 0.9439  0.9536  0.9422
2.00 0.9320 09311  0.8358 0.8507 0.9241 0.9221  0.9385 0.9188
3.00 0.8933  0.8918  0.6866 0.7168 0.8753 0.8737  0.9079  0.8657
4.00 0.8503  0.8491  0.5083 0.5511 0.8174 0.8196  0.8766  0.8052
5.00 0.8037 0.3738 0.7499 0.7612  0.8446  0.7390
6.00 0.6728 0.7006  0.8120  0.6696

C(M) NH4NO3 Nast4 (NH4)2$O4 N32C03 K2C03 NaSCN

0.10 0.9967  0.9957  0.9958 0.9956 0.9955 0.9966
0.25 0.9920  0.9900  0.9902 0.9896 0.9892 0.9915
0.50 0.9843 09813 0.9814 0.9805 0.9789 0.9828
0.75 09768 09732  0.9728 0.9720 0.9683 0.9736
1.00 0.9694 09653  0.9640 0.9637 0.9570 0.9641
1.50 0.9548  0.9491  0.9455 0.9467 0.9316 0.9438

2.00 0.9403 0.9247 0.9283 0.9014 0.9215
3.00 0.9115 0.8735 0.8235 0.8708
4.00 0.8829 0.8050 0.7195 0.8115
5.00 0.8545 0.5887 0.7436

6.00 0.8266 0.6685
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2.9 Ionic strength corrections with SIT: analysing osmotic
coefficient data
In the presence of an ionic medium N,,X,_ of a concentration much larger than

that of the reacting ions, the osmotic coefficient can be calculated according to
Eqgs. (23-39), (23-40) and (A4-2), in [1961LEW/RAN]). That is:

AIn(10)|z,z |

4 = s {1 +1.51, - 21n(1+15\/7)——1 o .

~ In(10)(N, X)m,, (Lj
V. +Vv.

+

where v, and v_ are the number of cations and anions in the salt formula (v,z, =

2.

I =%|Z+Z‘WZNX(V++V) (19)

2.10 Electroneutrality needs to be respected

Note that in all ion interaction approaches, the equation for mean activity
coefficients can be split up to give equations for conventional single ion activity
coefficients in mixtures, e.g., Eq. (4). The latter are strictly valid only when used
in combinations which yield electroneutrality. Thus, while estimating medium
effects on standard potentials, a combination of redox equilibria with H + ¢ =
72H(g) 1s necessary (cf. Section 2.14).

2.11 Complex formation equilibria involving uncharged species

For a complex formation reaction in a NX medium salt with an uncharged species
Un:

gL" + rH,0(1) + sUn = L,Un,(OH)""" + H'

log, B, — Az D(I)-rlog,, ay o = log, B, +Ael (20)
where: Az = (Iq - P +r*—gl, and
As = g[LqUns (OH) ™ ,Na+}+ re(H", X" )-q&(N",L")-s&(U,NX).

This would apply to the analysis of equilibria such as:
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HzO(l) + COz(aq) = H+ + HCO;

where the equilibrium constant includes a neutral molecule, CO(aq), and its
interaction with the ionic medium NaCl should be included in the calculations.
Experimental data on the solubility of CO,(g) in NaCl solutions were used to
obtain the value &(COs(aq), Na” + CI") = 0.083 kg-mol" (see Chapter IX of
[1997ALL/BAN])).

2.12 Ionic strength corrections at temperatures other than
298.15 K

Values of the Debye-Hiickel parameters A4 in Egs. (4) and (5) for different
temperatures are listed in Table 2, at a pressure of 1 bar for temperatures below
100 °C and at the steam saturated pressure for £ > 100 °C. The values in Table 2
may be calculated from the static dielectric constant and the density of water as a
function of temperature and pressure, and are also found for example in Refs.
[1974HEL/KIR2], [1979BRA/PIT], [1981HEL/KIR], [1984ANA/ATK], and
[1990ARC/WAN].

The variation of &(j,k,1,) with temperature is discussed by Lewis and
Randall [1961LEW/RAN], Millero [1979MIL], Helgeson et al. [198 1HEL/KIR],
[19900EL/HEL], Giffaut et al. [1993GIF/VIT2] and Grenthe and Plyasunov
[1997GRE/PLY]. The absolute values for the reported ion interaction parameters
differ in these studies due to the fact that the Debye-Hiickel term used by these
authors is not exactly the same. Nevertheless, common to all these studies is the
fact that values of (0¢/0T), are usually < 0.005 kg'mol "K' for temperatures
below 200 °C. In order to reduce the uncertainties on solubility calculations at
t =25 °C, studies on the variation of &(j,k,/,)-values with temperature should
be undertaken. As the values of &(j,k,/, ) and the value 1.5 in the denominator
of the Debye-Hiickel term are strongly correlated, there is no basis in selecting a
value different from 1.5 at different temperatures, so any temperature variation is,
included in the e-term. This review recommends the use of the value
1.5 kgl/ 2-mol " for the temperature interval 0-200 °C.
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Table 2: The Debye-Hiickel constant, 4, as a function of temperature at a pressure
of 1 bar below 100 °C or steam saturated pressure for # > 100 °C. The uncertainty
in the parameter is estimated by this review to be = 0.001 at 25 °C, and + 0.006 at
300 °C.

1°C p/bar Alkg"*mol 2
0 1.00 0.491
5 1.00 0.494
10 1.00 0.498
15 1.00 0.501
20 1.00 0.505
25 1.00 0.509
30 1.00 0.513
35 1.00 0.518
40 1.00 0.525
50 1.00 0.534
75 1.00 0.564
100 1.013 0.600
125 2.32 0.642
150 4.76 0.690
175 8.92 0.746

200 15.5 0.810

250 29.7 0.980

300 85.8 1.252

2.13 Estimation methods for ion interaction coefficients

For an extensive discussion on various correlations between interaction
coefficients in various ionic media, scaling laws with ion potential and
correlations between coefficients for successive complexes with the same ligand,
see Section IX.5 in [1997GRE/PLY]. This reference also contains the indication
that Ag values for chemical reactions between ions of same charge type are similar
in value within an uncertainty between + 0.05 and +0.1 kgmol™'. All these
correlations may be used by Reviewers to estimate unknown values of ion
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interaction coefficients and their combinations whose consistency with
experimental data should be verified and reported explicitly.

2.13.1 Estimation from mean activity coefficient data

The ion interaction coefficient &(H",Cl") can be obtained from published values
of 7, jer V8. My -

2108,y 7. ucr =108, 7, +1ogy, 7

(21)
=-D+eH",Cl")m__ —D+¢&(Cl',H )m,,

log,, Venmo =—D+ s(H",CI )my, (22)

By plotting (log,, 7.y +D) vs. my, a straight line with the slope
&(H",CI") is obtained. The degree of linearity should in itself indicate the range
of validity of the specific ion interaction approach. Osmotic coefficient data can
be treated in an analogous way.

2.13.2 Estimations based on experimental values of equilibrium constants
at different ionic strengths

Equilibrium constants for the reaction below are given in Table 3.

UO;" +2CO; = UO,(CO,); . (23)

Then, the following formula is derived from Eq. (12) for the extrapolation to
1=0:

log,, B, +8D =log,, f, —Asl . (24)
A linear regression gives
log,, 5 =(16.94+0.12)
Ag(23) =-(0.32 £ 0.06) kg-mol '

where the uncertainties are calculated as described in the NEA Guidelines for the
Assignment of Uncertainties [ 1999NEA].

The experimental data are depicted in Figure 1.
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Table 3: The preparation of the experimental equilibrium constants for the
extrapolation to / = 0 with the specific ion interaction method at 25 °C and 1 bar
according to Reaction (23). The linear regression of this set of data is shown in

Figure 1.

Method  Ionic medium log,, 3, log,, B°® Reference

sol 0 14.6 [1956MCC/BUL]

sol 02MNHNO; 156 [1960BAB/KOD]

emf, gl 0.1 M NaClO, 16.2 0309 [1969TSY]

sol 0.03M 16.7 +0.39 [1972SER/NIK]

sol var. 4.0 [1973ALM/GAR]

dis 0.1 M NaNO; 16.22 +0.309 [1977SCA]

emf, gl 0.1 M NaClO, 16.15 £ 0.309 [1982MAY]

sol 0.5 M NaClO, 15.56 + 0.150 [1984GRE/FER]
3.0 M NaClO, 16.20 +0.15®9

emf,gl 0.5 M NaClO, 14.93 +0.30 [1991GRE/LAG]

rev 0 17.0 [1978LAN]

rev 0 17.1+0.4 [1980LEM/TRE]

(a) Refers to the reaction indicated, log,, K in the ionic medium given and log,, K° (molal

units) at /=0 and 25 °C.
(b) Re-evaluated in [1992GRE/FUG].
(c¢) The reported constant is corrected for the different protonation constants of carbonate used in
[1992GRE/FUG].
(d) Uncertainties estimated in [1992GRE/FUG].
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Figure 1: Extrapolation to / = 0 of experimental data for the formation of
UO,(CO,);” using the specific ion interaction theory. The shaded area represent
the uncertainty range obtained by propagating the resulting uncertainties from / =
0 backto /=4 m.
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2.14 Redox equilibria

Electrochemical data for redox couples are reported as reduction potentials,
relative to the hypothetical standard hydrogen electrode. This is a half-cell:

Pt | Hy(unit activity = 0.1 MPa) | H (unit activity), H,O (unit activity) || (25)

This half-cell is difficult to prepare and is actually replaced by other half-cells,
e.g., Ag | AgCl | Ag' ||, and the calomel electrode. The potentials of these half-
cells can be related to the normal hydrogen electrode, but are more practical to
work with. In practice one can use the hydrogen electrode by using solutions at
different concentrations of hydrogen ions and calculate the activity.

As an example, the relationship between the redox potential of the couple
uos* /U* in a medium of ionic strength Z,, and the corresponding quantity at
I, = 0 should be calculated in the following way. The reaction in the galvanic cell
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Pt,H, |H" ::UOZ" ,U* |Pt (26)
is
UO2" + Hy(g) + 2H = U* + 2H,0()) (27)

For this reaction:

a . xa
log,, K° =log,, { S o > (28)

2
an? X aH+ X sz

log,, K° =log,, K +log,, 7,.. —log,, Yoor ~ 2log,, 7,

(29)
—log,, sz +2logy, Ay,0
Ju, ® Py, atreasonably low partial pressure of Hx(g), a, , 1, and

log,y 7, == 16D + £(U*,CIO; ) m_,

108, 7,0 =— 4D + £(UO;",CIO; ) m_

log,, 7,.=—D+ &M ,ClIO})m___.

Hence,
log,, K° =log,, K —10D (30)

+[e(U*,C10;) - £(UO",CIO;) - 26(H",CIO; )]m

clo;,

The relationship between the equilibrium constant and the standard potential is

mK =" 31)
RT
nk° =15 po (32)
RT

E is the standard potential in a medium of ionic strength 7,, E° is the
corresponding quantity at 7, = 0, and n is the number of transferred electrons in
the reaction considered. Combining Egs. (30) and (32) and rearranging them leads
to Eq. (33).

E_IOD(RTln(IO)j:EO_Agm (RTln(IO)j (33)
nF €103 nF

For n =2 in the present example and 7= 298.15 K, Eq. (33) becomes
E/mV —-295.8D = E°/mV —29.58Aem (34)

clo;
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where:

=(£(U*,Cl0;) - £(UO}",ClO,) - 26(H",CIO,)).

3  Other methods for ionic strength corrections

As discussed, the method used in the NEA Thermochemical DataBase Reviews is
the specific ion interaction method in the form of the Bronsted-Guggenheim-
Scatchard formulation (SIT). A number of other formulations for ionic strength
corrections have been developed in the literature and may be encountered by NEA
TDB reviewers in the course of their work. Some of the most common ones are
briefly discussed in the following sections as an aide memoire to the reviewers.
See also the discussion under Section IX.4 of [1997GRE/PLY].

For certain systems, NEA TDB reviewers may find that, in addition to the
analysis using SIT, additional ones are also possible with several other ion
interaction formulations. A comparison of the results of such analyses is
encouraged, and in case of significant differences between the parameters
obtained from the various formulations, should be followed by a discussion with
the NEA TDB Project Executive Group.

3.1 The Pitzer and Brewer equation

The P-B equation is very similar to the SIT equation. The expression for the
activity coefficient of an ion i of charge z; takes the form:

.0.5107
log,, 7, = = ” \/7\/7+ZB(Z Jm; (35)

J

where the summation over j covers all anions for the case that i is a cation and
vice versa. Tables of B(i,j) are given by Pitzer and Brewer [1961LEW/RAN] and
by Baes and Mesmer [1976BAE/MES]. The Debye-Hiickel term,
cf. Eq. (4), is different from that in the SIT equation. Apart from a slightly
different value for A4, the factor in the denominator of the Debye-Hiickel term has
been chosen equal to 1.0 in the Pitzer-Brewer equation compared to 1.5 in the SIT
equation. The SIT equation is preferred to the Pitzer-Brewer equation in the
critical evaluations of the NEA-TDB Project for the reasons given in Section 2.
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3.2 The Pitzer equations

By using a more elaborate virial expansion, Pitzer and co-workers ([1973PIT],
[1973PIT/MAY], [1974PIT/KIM], [1974PIT/MAY], [1975PIT], [1976PIT/SIL],
[1978PIT/PET], [1979PIT]) have described the measured activity coefficients of a
large number of electrolytes with high precision over a large concentration range.
An extensive comparison of the SIT and Pitzer formulations of the ion interaction
approach can be found in Sections I1X.6 to IX.9 of [1997GRE/PLY]. The key
problem when using the Pitzer model to describe activity factors for complexes is
to determine the concentration dependence of the second virial coefficient By
for complexes, as seen from Eq. IX.13 in Chapter IX of [1997ALL/BAN]. This
requires experimental data at low ionic strength in order to have a reliable value of

() and this is often difficult or impossible, for instance for high charged ions in
salt-brine systems.

3.3 The equations used by Baes and Mesmer

Baes and Mesmer [1976BAE/MES] used the function F(/,,) proposed by Pitzer to
express the ionic strength dependence of the ion interaction coefficient Byx in
Guggenheim’s equations. For a single electrolyte:

0.511@+2VMVX B m

lo ¢ =—|zyz (36)
107, |M X| 1_’_\/3 y MxPvix
where
Byx :B;/O[X +(Bl(\)/IX _BI\OZX)F([m) (37)
1= (1421, =21,)e ™™
F1,) = f’;] 2 L RO =LE@)=0. ()

The Pitzer function linearises the dependence of the ion interaction
coefficient on the ionic strength quite well, even in the cases of 4:1 and 5:1
electrolytes, where constant ¢(M,X) values, c¢f. Eq. (4), are not obtained at high
ionic strengths. The parameters By, and By, can be determined from a single
electrolyte activity coefficient by calculating first B,x. (Note that B, # £(M,X),
since the Debye-Hiickel term in Eq. (36) does not have the factor of 1.5 in the
denominator). By plotting Byx(/,) values against F(/,), By, is obtained as the
intercept while By, is obtained from the slope of the straight line, cf. Eq. (37).
The equation for a mixture is similar to Eq. (38) and Byx = 0 if M and X are of the
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same charge sign. In the case of equilibrium constant measurements, AB values
are expressed by equations similar to Eq. (12).

The corresponding AB° and AB” can be obtained together with the
/3 values from the system of equations:

0511\/1_

log,, B(1,)— Az ——""—rlog, (. 0), =
10 1+\/m 10 H,0 (39)

log, B°+AB*[1-F(I, ), ,+AB°F(I, )1,

where fS(1,) and (a; ), refer to the values of S and ay ,at ionic strength 7,,.
From the values obtained for AB° and AB” and equations similar to Eq.(15), one
may estimate the unknown By, and By, values.

4 Weak complexes within an ion-interaction approach:
ion interaction coefficients versus equilibrium
constants for ion pairs

A problem often encountered in practice is that of adequately modelling systems
where weak complexes are formed. In these cases the distinction between
complex formation and activity coefficient variations is unclear or even arbitrary.
As long as the fraction associated is rather small, the mathematical effect of an ion
association is the same as that of a negative contribution to a virial coefficient
[1981PIT]. This means that chloride salts have lower interaction coefficients than
perchlorates for the same cation, since they are partially associated.

Usually, large changes of the ionic medium are necessary to study weak
complex formation by substituting in most cases completely the medium anion by
the ligand. This causes changes of the activity coefficients of the species involved,
even though the stoichiometric ionic strength is usually maintained constant. In
this case, it is recommended to use the general formulation of the SIT equation,
Eq.(4), and not the simplified form, Eq. (11). Then, the reviewer has to decide
what terms, e.g. ¢ (j,k) [k], can be neglected among all the SIT terms. If only L~
has a non-negligible concentration compared with that of ClO,, then the
procedure of extrapolation should be as follows.

The reviewer is advised to estimate first the changes of activity
coefficients during the experimental determination of the constants at each ionic
strength. For practical reasons [1985SPA], it is advantageous to carry out this part
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of the calculation in molar scale. The problem involves estimation of the activity
coefficient changes for the equilibrium:

M™ +nL” = ML"™, (40)

[MLY™] Voo
M TILT 7. 74

in mixtures with a common cation N and of total ionic strength / M during the
substitution of perchlorate by the anion L of the weak complex. The reference
state is / M NaClQy, i.e. activity coefficients tend to unity when [L] goes to zero,
and the composition of the medium becomes that of the reference state. For both
the SIT and Pitzer approaches, at the concentrations relevant for most studies of
weak complexes, the ion interaction part is dominated by linear terms in [ ClO; ]
or [L'] (¢in SIT and A9 + 6, ; in the Pitzer approach) as all the other species are at
trace concentrations. Since [ClO, ] =/ — [L'] and because / and also Dy(/) are
constant, the value of log;o £, at constant ionic strength must vary linearly with
[L]. In some cases, as in spectrophotometric studies, this change in logo £,
during the titration was interpreted as an experimental error, since the spectra did
not show evidence of new complexes. In many cases, however, the variation of
activity coefficients at constant ionic strength has been misinterpreted as the
formation of one or several (up to three) complexes.

B, =

(41)

By using as a reference state the pure background electrolyte (e.g.,
NaClQO,) at ionic strength /, it is possible to obtain an expression for the activity
coefficient of species i in (NaClO4 — NaL) mixtures at the same ionic strength:

1Ogl() Yimix — 1Ogl() Yiperchl T — Zi2 {DH(I) - DH(I)} te (la L_) [L_]
+£(i,Cl0;) (I~ [L]) - £(i,ClO; ) I
=—{¢(,ClO;)—-¢(, L)} [L]. (42)

Substitution of these expressions for all species participating in the
complex formation equilibrium (40) gives relatively simple linear expressions
relating log,, S, to log,, B’ from which a value of the constant 3’ at the given
ionic medium level and trace concentrations of the ligand is obtained.

The values of the constants thus obtained may then be converted to molal
scale and used in the standard SIT extrapolation at zero ionic strength. An
example (for the formation of NpNO;") is shown in Figure 2, which contains
reported and corrected formation constants for Np* + NO; = NpNO:". It can
be seen that such corrections are not very large (compare filled and empty
symbols at each ionic strength level) and no real loss of accuracy in the value of
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the constant at zero ionic strength, which is finally selected in the review, is
expected to originate from not carrying out this kind of corrections.

However, what the reviewer gains is: firstly, a more consistent set of data;
secondly, in the process, several very weak higher-order complexes, which have
no independent chemical validation, are excluded and thirdly, the values of Ae
obtained do not result in the inconsistencies commented in Chapter V of the
Organics review [2005SHUM/AND].

Figure 2: Extrapolation to infinite dilution using the SIT (empty squares) and data
recalculated in [2001 LEM/FUG] at trace nitrate concentrations (filled circles).
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In conclusion, for the analysis of systems where weak complexes are
suspected, the following procedure should be followed:

e The review of the original work should preferably include an estimation of
the activity coefficient changes occurring during the addition of the weak
ligand at each constant ionic strength. If, during the course of an
experiment, more than 10% of the background electrolyte is replaced by
the ligand, calculation of an independent association constant value cannot
usually be justified.
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e A standard SIT treatment on a molar scale at each ionic strength level
should allow the value of the equilibrium constant at trace ligand
concentration to be estimated. If this calculation shows that the system can
be described equally well without recourse to complexation, this should be
stated in the Review. Otherwise, the data thus obtained for each ionic
strength should be used to obtain by extrapolation the value at zero ionic
strength with the usual procedure (and statistical tests).

5 Tables of ion interaction coefficients

Tables 4, 5 and 7 contain the selected specific ion interaction coefficients used in
the TDB reviews, according to the specific ion interaction theory described. Table
4 contains cation interaction coefficients with Cl°, ClO,, and NO;, Table 5 anion
interaction coefficients with Li’, Na" (or NH;) and K', and Table 7 neutral
species—electroneutral combination of ions. The coefficients have the units of
kgmol™" and are valid at 298.15 K and 1 bar. The species are ordered by charge
and appear, within each charge class, in the standard order of arrangement, cf.
Section 1.1.10 of [2000WAN/OST?2].

In some cases, the ionic interaction can be better described by assuming
ion interaction coefficients as functions of the ionic strength rather than as
constants. Ciavatta [1980CIA] proposed the use of Eq. (43) for cases where the
uncertainties in Table 4 and Table 5 are + 0.03 kg'mol ™' or greater.

e=¢+¢log, I, (43)

As stated in the previous sections, this procedure is doubtful as it
introduces a second fitting parameter resulting in apparent better agreement
between experimental data and extrapolation model. This is not really an
improvement in the accuracy, but, nevertheless, the procedure has been used in
the NEA TDB as shown in Table 6.
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Table 4: Ion interaction coefficients &(j,k) (kg-mol'l) for cations j with £ = CI,
ClO, andNO;. The uncertainties represent 95% confidence level. The ion
interaction coefficients marked with T can be described more accurately with an
ionic strength dependent function, listed in Table 6. The coefficients ¢(M"", CI7)
and e(M"", NO;) reported by Ciavatta [1980CIA] were evaluated without taking
chloride and nitrate complexation into account, as discussed in Section 4.

k &)k Comments
H' cr 0.12£0.01
Clo, 0.14£0.02  |Reported by Ciavatta [1980CIA].
NO, 0.07+£0.01
NHI Cl —0.01 £0.01 Reported by Ciavatta [I980CIA].
ClO, —0.08 +0.04"
NO, -0.06+0.03
Hzgly+ Cl —0.06 £0.02 Reported by Ciavatta [1988CIA].
Clo, —
NO, —
Hyedta" CI” - 023+0.15
Clo, - 023%0.15 |See Section VIIL3.7 of [200SHUM/AND].
NO, -023+0.15
SnOH" Ccr —
ClIO, - 0.07+0.13 See Section VIL1.1 of [2012GAM/GAIJ].
NO; —
SnF* Ccr —
Clo, 0.14+0.10  See Section VIIL3.1.1 of [2012GAM/GAI].
NO; —
SnClI" Clr —
Clo, 0.08+£0.07  See Section VIIL.3.2.1 of [2012GAM/GAI].
NO, —
SnBr* Cr —
Clo, 0.15+0.07  See Section VIIL.3.3.1 of [2012GAM/GAIJ].
NO, —
SnNO; Clr —
Clo, 0.17+£0.09  See Section X.1.1 of [2012GAM/GAIJ].
NO; —
SnSCN" Ccr —
Clo, 0.17+£0.29  See Section XL.1.1 of [2012GAM/GAJ].
NO, —

(Continued on next page)



5 Tables of interaction coefficients

Table 4 (continued)
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&jk)

Comments

Tl

ZnHCO,

cdcl”

Cdl

CdSCN™

HeCl™

Ag+

NiOH"

NiF

Nicl”

Ccr
ClO,
NO,
Ccr

ClO,
NO

Ccr
Clo,

Clo,

cr
Clo,
NO

cr
clo,

NO;
ar

Clo,
NO,

-0.21 £0.06

0.2

0.25+£0.02

0.27+£0.02

0.31£0.02

0.19+£0.02

0.11+£0.01

0.00 £ 0.01
-0.12 £ 0.05°

—-0.01 £0.07
0.14£0.07

0.34+0.08

0.47 £ 0.06

Taken from Ferri et al. [1985FER/GRE].

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1988CIA].

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].

Evaluated in [2005GAM/BUG] (Section V.3.1.1) for the reaction Ni** +
H,0 = NiOH" + H' from Agin chloride media/perchlorate media.

Derived from Ag = ¢(NiF',CI0;)~ &(Ni**,Cl0;)— e(Na',F) =
—(0.049 + 0.060) kg'mol * (sce Section V.4.2.3 of [2005GAM/BUG]).

See details in Section V.4.2.4 of [2005GAM/BUG].

(Continued on next page)
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Table 4 (continued)

J k &(j,k) Comments
NiNO; cr —
Clo, 0.44+£0.14 See details in Section V.6.1.2 of [2005GAM/BUG], specially sub-section
V.6.1.2.1 for an alternative treatment of this system.
NO, —
Ni(H cit)" cr —
Clo, 0.12+0.50 See Section VIL7 in [2005SHUM/AND].
NO; —
NiBr' cr —
Clo, 0.59£0.10 See details in [2005GAM/BUG], c¢f. Section V.4.2.5, specially sub-
section V.4.2.5.1 for an alternative treatment of this system.
NO; —
NiHS" cr —
Clo, -0.85+0.39 See details in [2005GAM/BUG], Section V.5.1.1.2.
NO; —
NiSCN” cr —
Clo, 031+£0.04  Derived from Ag = ¢(NiSCN',CIO;)—e(Na",SCN™) — ¢(Ni*",ClO;) =
— (0.109+0.025) kg'mol™" (see [2005SGAM/BUG], Section V.7.1.3.1).
NO; —
Fe(OH)} clr —
ClO; 037+0.18 Determined in Section VIL.1.3.1 of [2013LEM/BER]..
NO; —
FeF* cr —
Clo, 0.34 +0.07 Determined in Section VIII.2.1.3 of [2013LEM/BER].
NO, —
FeCl} cr —
Clo, 0.52 £0.05 Determined in Section VII1.2.3.2.2.1 of [2013LEM/BER]..
NO, —
FeSO} Clr —
Clo, 0.4+0.1 Determined in Section IX.1.2.1.4.1 of [2013LEM/BER]..
NO, —
YCO; cr —
ClO; 0.17£0.04 Taken from Spahiu [1983SPA].
NO, —

(Continued on next page)
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Table 4 (continued)

J k &(j.k) Comments
Am(OH);r Cl -0.27+£0.20 Evaluated in [2003GUI/FAN] (¢f- Section 12.3.1.1) from A& (in NaCl
solution) for the reactions An** + nH,O(l) = An(OH)?™+nH" (An=
Am, Cm).
Clo, 0.17 £0.04 Estimated in [1995SIL/BID].
NO, —
AmE; cr —
Clo, 0.17 £0.04 Estimated in [1995SIL/BID].
NO, —
AmSO} cr —
Clo, 0.22+0.08 Evaluated in [1995SIL/BID].
NO, —
AmCO; Cl 0.01+£0.05 Evaluated in [2003GUI/FAN] (Section 12.6.1.1.1) from A& (in NaCl solution)
for the reactions An>' +n CO? = An(CO, )fIH")
(based on &(Am™,CI") =(0.23 + 0.02) kg'mol™ and &(Na*,CO;") =
—(0.08 £ 0.03) kg'mol ™.
Clo, 0.17 £0.04 Estimated in [1995SIL/BID].
NO, —
Am(ox)" Cl —
Clo, 0.08 £0.10 See Section VI.13 of [2005SHUM/AND].
NO, —
PuO} cr —
Clo, 0.24+0.05 Derived from Ag = g(PuO?,ClO;) - &(Pu0;,ClO;) =(0.22 £0.03)
kg-mol™ [1995CAP/VIT]. In [1992GRE/FUG], £(Pu0},ClO;) =
(0.17 + 0.05) kg'mol ' was tabulated based on [1989ROB],
[1989RIG/ROB] and [1990RIG]. Capdevila and Vitorge’s data
[1992CAP], [1994CAP/VIT] and [1995CAP/VIT] were unavailable at
that time.
NO, —
PuO, F* cr —
Clo, 0.29£0.11 Estimated in [2001 LEM/FUG] by analogy with A of the corresponding
Np(IV) reaction.
NO, —
Pu0,C1" cr —
Clo, 0.50£0.09 From Ae¢ evaluated by Giffaut [1994GIF].
NO, —

(Continued on next page)
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Table 4 (continued)

J k &(j,k) Comments
NpO;r Cl 0.09+0.05  See Section 12.1 of [2001LEM/FUG].
Clo, 0.25+£0.05 Derived from As= g(NpOi*,ClO;)— £(Np0O;,ClO;) =(0.21 £0.03)
kg-mol™' [1987RIG/VIT], [1989RIG/ROB] and [1990RIG].
NO, —
NpO,OH" cr —
Clo, —0.06+0.40 Estimated in [2001LEM/FUG].
NO, —
(NpO,); (OH);  CI” —
Clo, 0.45+£0.20  See Section 8.1.2 of [2001LEM/FUG].
NO, —
NpO,F* cr —
Clo, 0.29£0.12  Estimated in [2001LEM/FUG] by analogy with A of the corresponding
U(IV) reaction.
NO, —
NpO, CI* cr —
Clo, 0.50£0.14  Estimated in [2001LEM/FUG] by analogy with A of the corresponding
Pu(VI) reaction.
NO, —
NpO, 103 cr —
Clo, 0.33+£0.04 Estimated in [2001LEM/FUG] by assuming
£(Np0,I0;,ClO,) ~ £(UO,I0;,CIO;) .
NO, —
Np(SCN); cl —
Clo, 0.17+£0.04 Estimated in [2001LEM/FUG] by assuming
£(Np(SCN);,CIO;) = £(AmF;,ClO}) .
NO, —
U0, cr —
clo, 0.26 £ 0.03  Evaluated in [I992GRE/FUG], using £(UO3",CIO;) = (0.46 £ 0.03)
kg-mol ™.
NO, —
UO,O0H" cr —
Clo, —-0.06 +0.40 ||Evaluated in [1992GRE/FUG], using £(UO3",X) = (0.46 £ 0.03)
NO, 051+14  kgmol”, where X =CI, ClO, and NO; .
(UO,);(OH);  CI” 0.81+0.17
clo; 045+ 0.15 Evaluaf?d in [1992GREi/FUG]i using g([:Io?’X) =(0.46 + 0.03)
- kg'mol™, where X = CI', ClO, and NO, .
NO 0.41+0.22

(Continued on next page)
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Table 4 (continued)

J k &(j,k) Comments
UF; cr 0.1+0.1
- Estimated in [1992GRE/FUG].
Clo, 0.1+0.1
NO, —
uo, F* Cl 0.04 £0.07 Taken from Riglet et al. [1989RIG/ROB], where the following assumptions
were made: s(Np**, ClO)) =~ &(Pu™, ClO;) =049 kg'mol ™ as for other
(M*, ClOy, ) interactions, and &(NpO3*,ClO;) ~&(PuO3",ClO})
~£(UOZ",ClO;) = 0.46 kg'mol ™.
Clo, 0.28 +0.04 See Section 9.4.2.2.1 of [2003GUI/FAN].
NO, —
vo,cl’ cr —

ClO; 0334004  Evaluated in [1992GRE/FUG], using £(UO2",X) =(0.46 + 0.03)
kg-mol ™!, where X = CI, ClO, and NO; .

U0, Clo; cr —

033+0.04  Estimated in [1992GRE/FUG].

U0, Br" cr —
clo, 024+0.04  Estimated in [1992GRE/FUG].
NO —

U0, BrO; cr —
clo, 033+0.04  Estimated in [1992GRE/FUG].
NO; —

U0, 10} cr —
clo, 033+0.04  Estimated in [1992GRE/FUG].
NO; —

UO,N; cr —

03£0.1 Estimated in [1992GRE/FUG].

U0, NO; cr —
033+0.04  Estimated in [1992GRE/FUG].
UO,SCN”™ cr —
022+0.04  Estimated in [1992GRE/FUG].

(Continued on next page)
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Table 4 (continued)

J k &(j.k) Comments
Th(OH);r Cl 0.06 +0.05
Clo, 0.15+0.10 |See Table VII-16 in Section VII.3.6.1 of [2008RAN/FUG].
NO, 0.05£0.15
ThE, cr —
clo, 0.1£0.1
NO, 0.0402 See Table VIII-8 in Section VIIL.1.2.1 of [2008RAN/FUG].
Th(NO, ); cl —
Clo, 0.25+0.15 |Evaluated in Section X.1.3.3 of [2008RAN/FUG], using &Th*" X) =
NO; 025+0.15 [(0.70 £0.10) kg'mol™" where X = ClO; and NO; .
Hyedta”" C’ -020+0.16
Clo, -020+£0.16 |Evaluated in [2005HUM/AND] (Section VIIL.3.7).
NO, -0.20+0.16
Sn** Cl 0.19+£0.04 |See Section VI.2.1 of [2013LEM/BER].
Clo, 0.19+0.04 |See Section VI1.2.1 of [2013LEM/BER].
NO, —
Sn,(OH);' clr —
Clo, —0.02+0.16 See Section VIL.1.1 of [2013LEM/BER].
NO, —
P> cr —
Clo, 0.15+£0.02 Reported by Ciavatta [I980CIA].
NO,  -020+0.12
AlOH™ cr 0.09
- Taken from Hedlund [1988HED].
clo, 031
NO, —
Al,CO, (OH)%Jr Cl 0.26 Taken from Hedlund [1988HED].
Clo, —
NO, —
Zn* cr —
Clo, 0.33+0.03
NO; 0.16 = 0.02 Reported by Ciavatta [1980CIA].
ZnCO?r Cl 0.35+£0.05 Taken from Ferri et al. [1985FER/GRE].
Clo, —
NO, —
cd* ar —
Clo, —
NO, 0.09+0.02 Reported by Ciavatta [1980CIA].

(Continued on next page)
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Table 4 (continued)

J k &(j.k) Comments
Hg™" cr —
Clo, 0.34+£0.03 Reported by Ciavatta [1980CIA].
NO;,  -0.1x0.1"
He' cr —
Clo, 0.09+£0.02 Reported by Ciavatta [I980CIA].
NO;,  -02x0.1"
cu®’ cr 0.08 +0.01
Clo, 0.32£0.02  |Reported by Ciavatta [1980CIA].
NO; 0.11+0.01
NiZ* Cl 0.17+£0.02 Reported by Ciavatta [1980CIA].
Clo, 0.370 £ 0.032 Derived from the ionic strength dependence of the osmotic and mean activity
coefficient of Ni(ClO4), solution ([2005GAM/BUG], Section V 4.3).
NO; 0.182 £0.010 Derived from the ionic strength dependence of the osmotic and mean activity
coefficient of Ni(NO;), solution ([2005GAM/BUG], Section V.6.1.2.1).
co™* cr 0.16 +0.02
Clo, 0.34£0.03 |Reported by Ciavatta [1980CIA].
NO; 0.14£0.01
Fe** Cl 0.17+£0.01 Determined in Section V1.4.3 of [2013LEM/BER].
Clo, 0.37+0.04 Determined in Section V1.4.4 of [2013LEM/BER].
NO, —
FeOH™" cr —
Clo, 0.46£0.09  Section VII.1.3.1 of [2013LEM/BER]
NO, —
FeCI** Cl 0.64 £0.06 Determined in Section VIIL.2.3.1.3 of [2013LEM/BER].
Clo, 0.63+0.05 Determined in Section VIII.2.3.2.2.1 of [2013LEM/BER].
NO, —
FeSCN** ar —
Clo, 0.45 Taken from Spahiu [1983SPA].
NO; —
Mn?" Cl 0.13+£0.01 Reported by Ciavatta [1980CIA].
Clo, —
NO; —
YHCOS* cr —
Clo, 0.39+£0.04 Taken from Spahiu [1983SPA].
NO, —

(Continued on next page)
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Table 4 (continued)
J k &(j.k) Comments
AmOH>" Cl —0.04£0.07 Evaluated in [2003GUI/FAN] (c¢f- Section 12.3.1.1) from A¢ (in NaCl
solution) for the reactions An*"+7H,0()= An(OH)™"+nH".
clo, 0.39+0.04 Estimated in [1995SIL/BID].

NO, —

AmF** cr —
Clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

AmcCI** cr —
Clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

AmN> cr —
Clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

AmNO3* cr —
clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

AmNO3* cr —
clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

AmH,PO;"  CI —
clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

AmSCN>* ar —
Clo, 0.39+0.04 Estimated in [1995SIL/BID].
NO, —

PuO3" cr —

Clo, 0.46+£0.05 By analogy with g(UO?,ClO;) as derived from isopiestic
measurements in [1992GRE/FUG].The uncertainty is increased because
the value is estimated by analogy.

NO, —

PuF;” cr —

Clo, 0.36£0.17  Estimated in [2001LEM/FUG] by analogy with A¢ of the corresponding
U(IV) reaction.

NO, —

(Continued on next page)
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Table 4 (continued)

J k &(j,k) Comments
Pucl** cr —

Clo, 0.39+0.16 Estimated in [2001LEM/FUG] by analogy with A¢ of the corresponding
Am(III) reaction.

NO, —

pur’* cr —

Clo, 0.39+£0.04 Estimated in [2001LEM/FUG] by assuming g(PuIB,ClO;) ~
£(AmSCN?*",C10;) and &(NH;,I") ~ &(Na*,SCN") .

NO, —

PuSCN** cr —

Clo, 0.39+£0.04 Estimated in [2001LEM/FUG] by assuming g(PuSCNB,ClO;) ~
£(AmSCN?*",Cl10;) .

NO, —

NpO3” cr —

Clo, 0.46 £0.05 By analogy with g(UO?,ClO;) as derived from isopiestic
measurements noted in [1992GRE/FUG]. The uncertainty is increased
because the value is estimated by analogy.

NO, —

(NpO,), (OH)) CI” —
clo, 0.57+£0.10  See Section 8.1.2 in [2001LEM/FUG].
NO, —

NpE; cr —

Clo, 0.38£0.17 Estimated in [2001LEM/FUG] by analogy with A¢ of the corresponding
U(IV) reaction.

NO, —

NpSO;* cr —
Clo, 0.48£0.11 Estimated on Section 10.1.2.1 of [2001LEM/FUG].
NO, —

Np(SCN)S™ I —

Clo, 0.38 £0.20  Estimated in [2001LEM/FUG] by analogy with A¢ of the corresponding
U(IV) reaction.

NO, —

UO;Jr Cl 0.21£0.02 Reported by Ciavatta [1980CIA].

Clo, 0.46£0.03 Reported by Ciavatta [1980CIA].

NO, 0.24+£0.03 Reported by Ciavatta [1980CIA].

These coefficients were not used in [1992GRE/FUG] because they were
evaluated by Ciavatta [1980CIA] without taking chloride and nitrate
complexation into account. Instead, Grenthe ef al. used g(UO?,X) =
(0.46 +0.03) kg-mol ™', for X = CI', ClO; and NOj .

(Continued on next page)
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Table 4 (continued)

J k &(j.k) Comments
(UO,),(OH)}" CI” 0.69 + 0.07
. . 2+ — +
cio: 0574007 |Fvaluatedin [1992GRE/FUG]i using g(EJOz ,X) = (0.46 + 0.03)
7 kgmol ™, where X = CI', ClO, and NO; .
NO; 0.49 +0.09
(UO,);(OH);" CI” 0.50+0.18
cio: 089003 |Fvaluatedin [1992GRE/FUG]i using g(EJOj*,X) = (0.46 £ 0.03)
7 kg'mol ™, where X = CI', ClO, and NO; .
NO; 0.72+ 1.0
UE;" cr —
clo; 03+0.1  Estimated in [1992GRE/FUG].
NO; —
Uso;” cr —
Clo, 03+0.1  Estimated in [1992GRE/FUG].
NO; —
UNO,);" cr —
Clo; 0.49+0.14 Evaluated in [1992GRE/FUG] using &(U*,CIO;) = (0.76 % 0.06)
kg-mol™.
NO; —
Th(OH);" cr 0.13+0.05
clo, 0.33+£0.10 |Calculated in Section VII.3.6.1 of [2008RAN/FUG].
NO; 0.10+0.15
ThE; cr —
Clo; 03+0.1
, See Table VIII-8 in Section VIIL1.2.1 of [2008RAN/FUG].
NO; 0.15+0.20
ThSO," cr 0.14+0.15
- See Section IX.1.3.2 of [2008RAN/FUG].
Clo; 03+0.1
NO; —
Th(N,)3" cl —
Clo, 0.40£0.15 Estimated in Section X.1.2 of [2008RAN/FUG].
NO, —

Th(NO,);"  CI’ —

Clo, 0.43 +0.18 |Estimated in Section X.1.3.3 of [2008RAN/FUG], using &Th**, X) =
NO, 0.43+0.18 [(0.70£0.10) kg'mol " for X = CIO, and NO; .

Th(H,PO,);" CI’ —
clo, 04+0.1 Estimated in Section X.2.3.2 of [2008RAN/FUG].

(Continued on next page)
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Table 4 (continued)

J k &(j.k) Comments
Th(SCN);" I —
Clo, 0.38+£0.20 See Section XI1.1.3.6.1 of [2008RAN/FUG].
NO; —
Be* Cl -
clo; 0.30+£0.04 Taken from [1986BRU], where it appears to have been based on the
average of the values for gMg**, ClO; ) and &Ca’", Cl10; ) [1980CIA].
NO; o
Mg** cr 0.19+0.02
Clo, 0.33+0.03 Reported by Ciavatta [1980CIA].
NO, 0.17+£0.01
ca™* cr 0.14+0.01
Clo, 0.27+0.03  |Reported by Ciavatta [1980CIA].
NO; 0.02 +£0.01
Ba™* cr 0.07 +0.01
clo, 0.15+0.02  |Reported by Ciavatta [1980CIA].
NO; -0.28 £0.03
A" cr 033+0.02  Reported by Ciavatta [1980CIA].
Clo, —
NO; —
Ni, OH™" cr —
Clo, 0.59+0.15 By assuming £(Ni,OH*",ClO;)~ &(Be,0OH*,ClO}), see Section
V.3.1.1 in [2005GAM/BUG].
NO; —
Fe*t Cl 0.76 £0.03 Determined in Section V1.4.2.2 of [2013LEM/BER].
Clo, 0.73 £0.04 Determined in Sections V1.1.2.1.1.1 and VL.4.1 of [2013LEM/BER].
NO, —
ot Cl 0.30+0.03 Reported by Ciavatta [1980CIA].
Clo, —
NO, 0.27+£0.02 Reported by Ciavatta [1980CIA].
La>* cr 0.22+0.02
~ Reported by Ciavatta [1980CIA].
Clo, 0.47+0.03
NO, —
La’" >’ o —
Clo, 0.47 — 0.52  Taken from Spahiu [1983SPA].
NO, —

(Continued on next page)



46 5 Tables of interaction coefficients
Table 4 (continued)
J k &(j.k) Comments
Am>* Cl 023+0.02 The &(An*",Cl") for An=Am and Cm is assumed to be equal to

&(Nd*,CI™) which is calculated from trace activity coefficients of Nd* ion in 0
—4 m NaCl. These trace activity coefficients are based on the Pitzer ion
interaction parameters evaluated in [1997KON/FAN] from osmotic coefficients in
aqueous NdCl; — NaCl and NdCl; — CaCl,.

Clo, 0.49+0.03  Estimated in [1995SIL/BID].

NO; —

pu’t cr —

Clo, 0.49+0.05  Estimated by analogy with s(Ho®*,C10;) [1983SPA] as in [1992GRE/FUG],
[1995SIL/BID]. The uncertainty is increased because the value is estimated by
analogy.

NO; —

PuOH™" cr —
Clo, 0.50£0.05  Estimated in [2001LEM/FUG].
NO; —
PuF* cr —
Clo, 0.56£0.11  Estimated in [2001LEM/FUG].
NO, —
pucCl’* ar —
Clo, 0.85+0.09 Derived from the A¢ evaluated in [2001 LEM/FUG].
NO, —
PuBr’’ Cl —

Clo, 0.58+£0.16  Estimated in [2001LEM/FUG] by analogy with A¢ of the corresponding U(IV)
reaction, and by assuming (H",Br )=&(Na",Br) .

NO, —

Npt cr —

Clo, 0.49+0.05 Estimated by analogy with g(HoH,ClO;) [1983SPA] as in previous books
in this series [1992GRE/FUG], [1995SIL/BID]. The uncertainty is increased
because the value is estimated by analogy.

NO —

NpOH** cr —
Clo, 0.50£0.05  Estimated in [2001LEM/FUG].
NO, —

NpF** cr —
Clo, 0.58 £0.07  Evaluated in [2001LEM/FUG].
NO, —

(Continued on next page)
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Table 4 (continued)

J k &(j.k) Comments
Npcr** cr -
Clo, 0.81 £0.09  Derived from the A¢ selected in [2001LEM/FUG].
NO; —
Npl** cr -
Clo, 0.77+0.26  Estimated in [2001 LEM/FUG] by analogy with A of the corresponding
Np(IV) chloride reaction, and by assuming &(H",17)=&(Na",17) .
NO; —
NpSCN3+ Cl 0.76 £0.12  Estimated in [2001LEM/FUG] by analogy with A¢ of the corresponding
U(IV) reaction.
Clo, —
NO; —
vt ar —
Clo, 0.49+0.05  Evaluated in [2001LEM/FUG] by analogy with (Am’", ClO;) ).
NO; —
voH>* ar —
Clo, 0.48 £0.08  Evaluated in [1992GRE/FUG].
NO; —
UF* ar —
Clo, 0.48 £0.08  Estimated in [1992GRE/FUG].
NO, —
ucr’* ar —
Clo, 0.50£0.10  Estimated in [2003GUI/FAN].
NO, —
uBr'* cr —
Clo, 0.52+0.10  Estimated in [1992GRE/FUG] using £(U*,X) = (0.76 + 0.06) kg-mol', for
X=Br and CIO,.
NO, —
ur? ar —
Clo, 0.55+0.10  Estimated in [1992GRE/FUG] using £(U*,X) = (0.76 + 0.06) kg-mol', for
X=T and ClO,.
NO, —
UNO;" cr —
Clo, 0.62+0.08  Evaluated in [1992GRE/FUG] using £(U*",X) = (0.76 + 0.06) kg'mol™ for
X = NOj and CIO;.
NO, —

(Continued on next page)
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Table 4 (continued)
J k &(j,k) Comments
ThOH®" ar 0.19 +0.05
Clo, 0.48+0.08  |See Table VII-18 in Section VIL3.6.1 of [2008RAN/FUG].
NO, 0.20+0.15
ThF>* ar —
Clo, 0.48£0.08  |Estimated in Section VIIL1.2.1 of [2008RAN/FUG]
NO, 0254020 |(Table VIII-8).
Ther™ cr 0.62+0.11  [Calculated in Section VIIL.2.2.1.2 of [2008RAN/FUG] using
Clo; 0.62+£0.11 | &(Th*,X)=(0.70 £0.10) kg'mol™, for X = Cl" and CIO,
NO; —
ThCIO;" cr —
Clo, 0.62+0.11 Calculated in Section VIIL.2.2.2 of [2008RAN/FUG] using
&(Th*,X) = (0.70 £ 0.10) kg'mol ™", for X = CIO3 and CIO,
NO; —
ThBr* cr —
Clo, 0.62+0.11 Calculated in Section VIIL.3.2.1 of [2008RAN/FUG] using
£(Th*,X) =(0.70 £ 0.10) kg'mol ™", for X = Br and CIO,
NO; —
ThBrO;" cr —
Clo, 0.62£0.08 Calculated in Section VIIL.3.2.2 of [2008RAN/FUG] using
&(Th*,X) = (0.70£0.10) kg'mol ™", for X = BrO; and CIO,
NO; —
ThN;" cr —
Clo; 0.55+0.15  See Section X.1.2 of [2008RAN/FUG].
NO; —
Th(NO, )’ cr -
Clo, 0.56 £0.14  |Calculated in Section X.1.3.3 of [2008RAN/FUG] using
NO, 0.56+0.14 | &(Th*,X)=(0.70 £0.10) kg'mol™", for X = CIO; and NO; .
Th(H,PO, )" cr —
Clo, 0.5+0.1 Estimated in Section X.2.3.2 of [2008RAN/FUG].
NO; —
Th(H, PO, )H, PO, )" cr —
ClO; 0.5+0.1 Estimated in Section X.2.3.2 of [2008RAN/FUG].
NO; —
Th(SCN)** cr —
clo, 0.50+0.10  See Section X.1.3.6.1 of [2008RAN/FUG].
NO; —

(Continued on next page)
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Table 4 (continued)

49

J k &(j,k) Comments
Be, OH™" cr —
Clo, 0.50+£0.05 Taken from [1986BRU], where the assumption was made that
£(Be™,Cl0;) = 0.30 kg'mol ™, apparently based on the average of
the values for gMg*", ClO; ) and &(Ca*", Cl0; ) [1980CIA].
NO, —
Be, (OH);" cr —
clo, 0.51+£0.05 Taken from [1986BRU], where the assumption was made that
£(Be",Cl0O;) = 0.30 kg'mol ™', apparently based on the average of
the values for gMg**, ClO; ) and &(Ca*, ClO; ) [1980CIA].
NO, —
Sn** cr —
Clo, 0.7+£0.2 See Section V1.3.1 of [2013LEM/BER].
NO, —
Al; HCO, (OH);Pr Cl 0.41 Taken from Hedlund [1988HED].
clo, —
NO, —
Ni, (OH)," cr —
clo, 1.08 £0.08  Derived from
Ae=4¢(H",ClO;)-e(Ni,OH}",ClO;) —4¢(Ni**,ClO;) =
(0.16 +0.05) kg'mol ™' (see [2005GAM/BUG], Section V.3.1.1.1).
NO, —
Fe, (OH);" cr —
clo, 1.04 £0.09  Determined in Section VII.1.3.3 of [2013LEM/BER].
NO, —
Y, cot* cr —
clo, 0.80+£0.04 Taken from Spahiu [1983SPA].
NO, —
pu** Cl 0.37+£0.05 Calculated in Section VL.3.1 of [2008RAN/FUG].
clo, 0.82+0.07 Derived from Ag = g(Pu*",ClO;) - &(Pu*,C10;) = (0.33 £ 0.035)
kg-mol™' [1995CAP/VIT]. Uncertainty estimated in
[2001LEM/FUG]. In the [1992GRE/FUG], &(Pu**,ClO}) =
(1.03 £ 0.05) kg'mol " was tabulated based on references
[1989ROB], [1989RIG/ROB], [1990RIG]. Capdevila and Vitorge’s
data [1992CAP], [1994CAP/VIT] and [1995CAP/VIT] were
unavailable at that time.
NO, —

(Continued on next page)
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Table 4 (continued)

J k &(,k) Comments
Npt cr
Clo, 0.84+0.06 Derived from Ae = e(Np*,ClO;)— e(Np*,ClO;) = (0.35 £ 0.03)
kgmol™' [1989ROB], [1989RIG/ROB], [1990RIG].
NO,
u* cr
Clo, 0.76 £0.06  Estimated in [1992GRE/FUG]. Using the measured value of
Ae = &(U",ClO;) - &(U,CIO;) = (0.35 £0.06) kg'mol ' p.89
[1990RIG], where the uncertainty is recalculated in [2001LEM/FUG] from
the data given in this thesis, and £(U**,C10;) = (0.49 +0.05) kgmol™, a
value for £(U*,ClO;) can be calculated in the same way as is done for
e(Np*',Cl0;) and &(Pu*',ClO}) . This value, £(U*,ClO;) =
(0.84 £ 0.06) kg'mol ™" is consistent with that tabulated £(U*,ClO;) =
(0.76 £ 0.06) kg'mol ™, since the uncertainties overlap. The authors of
[2001LEM/FUG] do not believe that a change in the previously selected
value for £(U*,CIlO;) is justified at present.
NO
Th** Cl 0.25+£0.03 Reported by Ciavatta [1980CIA].
Clo, 0.70£0.10  Evaluated in Section VL.3.1 of [2008RAN/FUG].
NO, 0.31£0.12  Evaluated in Section VL.3.1 of [2008RAN/FUG].
Th, (OH),; cr 0.25+0.20
Clo, 0.56+0.42 [See Section VII.3.4.1.3 of [2008RAN/FUG].
NO, 0.42 £0.50
ThH,P0,)*" I
Clo, 0.7+0.1 Estimated in Section X.2.3.2 of [2008RAN/FUG].
NO; —
Al (OH)‘Tr Cl 0.66 Taken from Hedlund [1988HED]
Clo, 1.30 Taken from Hedlund [1988HED]
NO; —
Th, (OH);" cr 0.29 +0.09
Clo, 0.91+0.21 |Calculated in Section VII.3.4.1.1 of [2008RAN/FUG].
NO; 0.69 £0.25
Th, (OH);" cr 0.40£0.16
Clo, 1224£0.24 |Evaluated in Section VIL.3.4.1.1 of [2008RAN/FUG].
NO, 0.69 £0.26
Th, (OH)g" cr 0.70 £0.20
Clo, 1.69£0.42 |Evaluated in Section VII.3.4.1.3 of [2008RAN/FUG].
NO, 1.59+0.51

(Continued on next page)
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J k &(j,k) Comments
Th, (OH),+ cr 0.72+0.30
Clo, 1.85+£0.74 See details in Section VII.3.4.1.4 of [2008RAN/FUG].
NO, 220+0.77
Th, (OH)§" cr 0.83+0.30
Clo, 22+03 Estimated in Section VIL.3.4.1.4 of [2008RAN/FUG].
NO 29405
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Table 5: Ton interaction coefficients, &(j,k) (kg'mol "), for anions j with k= Li*, Na*
and K'. The uncertainties represent 95% confidence level. The ion interaction
coefficients marked with  can be described more accurately with an ionic strength
dependent function, listed in Table 6.

J k &(,k) Comments
OH ™ Li"  -0.02+0.037
Na' 0.04 £0.01
. Reported by Ciavatta [1980CIA].
K 0.09+£0.01
F Li" —
Na” 0.02+0.02  Evaluated in [1992GRE/FUG].
K 0.03+0.02  [1988CIA]
HE, Li" —
Na" -0.11+£0.06 Evaluated in [1992GRE/FUG].
K* —
Ccr Li" 0.10+0.01
Na”  0.03+0.01 | Reported by Ciavatta [1980CIA].
K 0.00 £0.01
ClO; Li" —
Na" -0.01+£0.02 Reported by Ciavatta [1980CIA].
K —
Clo, Li" 0.15+0.01
Reported by Ciavatta [1980CIA].
Na' 0.01+£0.01
K —
Br Li" 0.13£0.02
Na"  0.05+0.01 | Reported by Ciavatta [1980CIA].
K 0.01 £0.02
BrO; Li" —
Na" -0.06+£0.02  Reported by Ciavatta [1980CIA].
K* —
I Li" 0.16 £0.01
Na”  0.08+0.02 | Reported by Ciavatta [1980CIA].
K 0.02£0.01
105 Li" —
Na" -0.06+0.02  Estimated in [1992GRE/FUG].
K* —

(Continued on next page)
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Table 5 (continued)

J k &(j.k) Comments

HSO, Li* —*
Na™ -0.01%0.02' Reported by Ciavatta [1980CIA].
K+ _ 1

Ny Li" —
Na” 0.015£0.020 See Section X.1.2 of [2008RAN/FUG].
K —

NO, Li" 0.06 £ 0.04+
Na* 0.00£0.02  Reported by Ciavatta [1980CIA].
K" -0.04+0.02 Reported by Ciavatta [1988CIA].

NOjy Li" 0.08£0.01 Reported by Ciavatta [1980CIA].
Na“" —0.04+0.037
K" —0.11+0.047

H,PO, Li" —
Na“" —0.08 £0.047
K" -0.14+0.04}

HCO; Li" —

Na’ 0.00£0.02  These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K" -0.06+0.05 Calculated in [2001 LEM/FUG] from Pitzer coefficients
[1998RAI/FEL].

Hox Li" -0.28+0.09
Na" —0.07+0.01 | Evaluated in Section VL3.5 of [200SHUM/AND].
K" -0.01+0.08

H,cit™ Li" -0.11+0.03
Na® —0.05+0.01 | Evaluated in Section VIL3.6 of [200SHUM/AND].
K"  -0.04+0.01

CN™ Li" —
Na' 0.07+0.03  Asreported in [I1992BAN/BLI].
K —

SCN™ Li" —

Na* 0.05£0.01
K"  -0.01+0.01

Reported by Ciavatta [1980CIA].

4

(Continued on next page)

No value is tabulated here for &(H", HSO; ); possible values are discussed in the footnote to the Appendix A entry for
[1955LIS/RIV2].
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Table 5 (continued)
J k &(j.k) Comments
HCOO~ Li* —
Na* 0.03£0.01 Reported by Ciavatta [1980CIA].
K* —
CH,COO " Li 0.05 +£0.01
Na"  0.08+£0.01 | Reported by Ciavatta [1980CIA].
K* 0.09 £ 0.01
Hjedta” Li" —
Na" -0.33+0.14 Evaluated in Section VIIL3.7 of [2005SHUM/AND].
K" -0.14+0.17
SiO(OH); Li" —
Na" -0.08 £0.03 Evaluated in [1992GRE/FUG].
K" —
Si,0, (OH); Li" —
Na" -0.08+0.04  Estimated in [I1992GRE/FUG].
K" —
Sn(OH); Lit -
Na’ 0.22 £0.03 See Section VIL.1.1 of [2012GAM/GAIJ].
K" —
SnCl; Li* —
Na* 0.04£0.07  See Section VIIL3.2.1 of [2012GAM/GAJ].
K* —
SnBr; Li* —
Na* 0.16 £0.08 See Section VIIL3.3.1 of [2012GAM/GAJ].
K* —
B(OH), Li' —
Na™  —0.07 £0.05¢
K* —
Ni(SCN); Li* —
Na* 0.66+0.13 Evaluated in [2005GAM/BUG] (see Section V.7.1.3.1).
K —
Nicit) ™ Lit -
Na* 0.22+0.50  Evaluated in Section VIL.7 of [200SHUM/AND].
K" —
Fe(SO,), Li" —

Na* 0.24+0.14  Estimated in Section IX.1.2.1.4.3 of [2013LEM/BER].
K" —

(Continued on next page)
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Table 5 (continued)

J k &(j.k) Comments
Am(SO, ), Li" —
Na"  -0.05+0.05 Estimated in [1995SIL/BID].
K —
Am(CO5), Li" —
Na® -0.14+0.06 Evaluated inSection 12.6.1.1.1 [2003GUI/FAN], from Ag, in NaCl
solution for the reactions An’" +n CO? = An(CO, )1(1372") (An=
Am, Cm) based on s(Am**,Cl7) = (0.23 % 0.02) kg'mol™" and
£(Na*,C0O3") =—(0.08 + 0.03) kg'mol ™.
K —
Am(ox), Li" —
Na® -0.21+0.08 Evaluated in Section VI.13 of [2005SHUM/AND)].
K —
Am(edta) Li —
Na” 0.01 £0.16  Evaluated in Section VIII.13.2.1 of [2005SHUM/AND)].
K* 0.01 £0.16  Estimated in [2005SHUM/AND] Section VIII.13.2.1 by assuming
(K", Am(edta) ) = ¢(Na', Am(edta) ).
PuO,CO; Li" —
Na® -0.18+0.18  Estimated in [2001LEM/FUG] by analogy with &(Na", NpO,CO;) .
K —
Pu(edta) Li —
Na” —
K* 0.01+0.16 Estimated in [2005SHUM/ANDY], Section VIII.12.2.1 by assuming
(K", Pu(edta) ) ~ &(Na", Am(edta) ).
NpO, (OH), Li" —
Na"  -0.01£0.07 Estimated in [2001LEM/FUG] (Section 8.1.3).
K —
NpO,CO;4 Li" —
Na" -0.18+0.15 Calculated in [2001LEM/FUG] (Section 12.1.2.1.3).
K* —
NpO, (ox) " Li" —
Na" -0410.1 Evaluated in Section VI.11.2.3 of [2005SHUM/AND].
K —
NpO, (H, edta) Li" —
Na" -0.18+£0.16  Evaluated in Section VIIL.11.2.3 of [2005SHUM/AND].
K —

(Continued on next page)
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Table 5 (continued)
J k &(j.k) Comments

(NpO, ), CO;4 (OH); Li" —
Na* 0.00 £0.05 Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.1.2).
K* —

U0, (OH); Lit _
Na" -0.09+0.05 Estimated in [I992GRE/FUG].
K* —

UO,E Li" —
Na" -0.14+0.05 Evaluated in [2003GUI/FAN], Section 9.4.2.2.1.1.
K* —

UO, (N;y)5 Li" —
Na' 0.0+£0.1 Estimated in [1992GRE/FUG].
K —

(U0,),CO,(OH);  Li’
Na*
K+
UO,cit ™ Li"
Na*
K+
Th(OH), (CO,)” Li
Na®
K+
Mg(cit) Li
Na®
K+

UO, (Hedta) Lit

Mg(Hedta) Li"

SO;

Li*
Na*
K+

SO, Li*
Na®

K+

0.00£0.05  Estimated in [1992GRE/FUG].

—0.11£0.09  Evaluated in [2005SHUM/AND].

—0.05£020  See Section XI.1.3.2 of [2008RAN/FUG].

0.03 £0.03 Evaluated in [2005SHUM/AND].

—0.18+£0.16  Evaluated in Section VIII.10.2.4 of [2005HUM/AND].

0.11+0.20  Estimated in Section VIIL5.1 of [200SHUM/AND]

—0.08 £0.05F
—0.03 £ 0.047
—-0.12 £ 0.067
—0.06 £0.02  Reported by Ciavatta [ 1988CIA].

(Continued on next page)
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J k &(j.k) Comments
$,03" Li* —

Na"  -0.08+£0.057

K* —

HPO,~ Li* —
Na"  -0.15+0.067
K —-0.10 £ 0.06F
co:” Li* —

Na® -0.08 +£0.03 These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K* 0.02+£0.01 Reported by Ciavatta [1980CIA].

ox’” Li*  —051+0.09
Na" -0.08+0.01 | Evaluated in Section VL3.5 of [2005HUM/AND].
K 0.07 £0.08

Heit”~ Li*  —0.17+0.04
Na" -0.04+0.02 | Evaluated in Section VIL3.6 of [2005SHUM/AND].
K -0.01£0.02

H, edta®” Li —
Na" -037+0.14

N Evaluated in Section VIL.3.7 of [200SHUM/AND].

K -0.17£0.18

$i0, (OH);”~ Li" —
Na" -0.10+£0.07  Evaluated in [1992GRE/FUG].
K —

$i,0, (OH); Li" —
Na" -0.15+0.06 Estimated in [1992GRE/FUG].
K —

Ni(ox)3~ Lit —
Na" -0.26+0.03 Evaluated in Section V1.7.2 of [2005HUM/AND].
K* —

Ni(CN);~ Li* _
Na” 0.185+0.081 Evaluated in [2005GAM/BUG] (see Section V.7.1.2.1.1).
K* —

Fe(CO3); Lit —
Na” —0.05£0.05 By analogy. See Appendix A entry for [1992BRU/WER].
K* —

(Continued on next page)
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Table 5 (continued)

J

k .6)

Comments

cro;”

2—
NpO, (HPO,);

2—
NpO, (CO5);

NpO, cit®”

NpO, (Hedta)”~

2—

U0, F;

2—
U0, (80,),

2—
U0, (N3),

U0, (0x)3~

Uo, edta®”

U0, (CO5 )5~

Li* —

Na"  -0.06 +0.047
K —0.08 £ 0.041

Li" —
Na"  -0.1%0.1
K —

Li" —
Na"  -0.02+0.14
K —

Li" —
Na" -0.06+0.03

Na' 0.07+0.16
K —
Li" —
Na"  -0.30+0.06
K —
Li" —
Na"  -0.12+0.06
K —

Na*  —0.18+0.07
K' —
Li* —
Na®  —022+0.18
K' —
Li* —
Na®  —0.02+0.09

Estimated in [2001LEM/FUG].

Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.1.2).

Evaluated in Section VII.11 of [2005SHUM/AND].

Estimated in Section VIII.11.2.3 of [2005SHUM/AND].

Evaluated in [2003GUI/FAN], Section 9.4.2.2.1.1.

Estimated in [1992GRE/FUG].

Estimated in [1992GRE/FUG].

Estimated in Section V1.1.2.4.1 of [2005SHUM/AND].

Estimated in Section VIII.10.2.4 of [2005SHUM/AND].

These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

(Continued on next page)
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Table 5 (continued)

J k &(j.k) Comments
(U0,),(0H), (SO, );7 Li" —
Na" -0.14+0.22  Evaluated in Section 9.5.1.1.2 of [2003GUI/FAN].
K* —
ThE” Li* —
Na"  -0.30+0.06 See Table VIII-8 in Section VIIL.1.2.1 of [2008RAN/FUG].
K* —
Th(SO, );7 Li"  —0.068 £0.003 In combination with & = (0.093 £+ 0.007).
Na“"  —0.091+0.038
. See Section IX.1.3.2 of [2008RAN/FUG].
K —0.091+£0.038
Th(OH), (CO5)5~ Li* —
Na" -0.1%£02 See Section X1.1.3.2 of [2008RAN/FUG].
K —
Th(OH), (CO;)>™ Li* —
Na" -0.1£02 See Section X1.1.3.2 of [2008RAN/FUG].
K —
2- .
Mg(ox), Li —
Na®*  -0.15+0.03 Estimated in Section VL.5.1 of [2005SHUM/AND].
K" —0.15£0.10  Estimated in [2005SHUM/ANDY], Section VL5.1 by assuming
&(K*,Mg(0x); ) = £(Na™,Mg(ox); ) .
Mg(edta)”” Li* —
Na" -0.01+£0.15  Evaluated in Section VIIL5.2 of [2005SHUM/AND].
K —
2- ot
Ca(ox), Li —
Na® —0.15+£0.10  Estimated in [2005SHUM/AND], Section V1.5.2 by assuming
£(Na”,Ca(ox)>") = &(Na",Mg(ox); ).
K" —0.15£0.10  Estimated in [2005SHUM/ANDY], Section VL.5.2 by assuming
£(K",Ca(0x);") ~ &(Na",Mg(0x) ) .
cit’” Li*  -044+0.15¢
Na"  -0.076 £ 0.030}
K 0.02+£0.02  Evaluated in Section VI.3.6 of [2005SHUM/AND].
Hedta®~ Li" —
Na" -0.10+0.14
. Evaluated in Section VIIL.3.7 of [2005SHUM/AND].
K 0.31+£0.18
PO, Li* —
Na"  -0.25+0.031
K —0.09£0.02  Reported by Ciavatta [I1980CIA].

(Continued on next page)
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Table 5 (continued)
J k &(j.k) Comments
Si,0, (OH) Li* —
Na"  -0.25+0.03 Estimated in [1992GRE/FUG].
K* —
Si,04 (OH)s Li* —
Na" -0.25+0.03 Estimated in [1992GRE/FUG].
K* —
$i,0, (OH)}~ Li* —
Na"  -0.25+0.03 Estimated in [1992GRE/FUG].
K* —
Ni(CN);~ Li* —
Na* 0.25+0.14  Evaluated in [2005GAM/BUG] (see Section V.7.1.2.1.1).
K" —
Fe(CO3); Li" —
Na® —0.23£0.07 By analogy. See Appendix A entry for [2005GRI].
K" —
AM(CO,); Li* —
Na"  -0.23+£0.07 Evaluated Section 12.6.1.1.1 [2003GUI/FAN], from Ag, in NaCl
solution for the reactions An’" +n CO? = An(CO, )1(1372") (An=
Am, Cm) based on ¢(Am**,CI")= (023 + 0.02) kgmol" and
e(Na*,C0Y) =— (0.08 + 0.03)kgmol .
K* —
Am(ox); Li* —
Na" -0.23+0.10 Estimated in [2005SHUM/AND], Section VI1.13.2.1 by assuming
£(Na", Am(ox); ) ~ &(Na", Am(CO3) ) .
K* —
Np(CO, )3 Li* —
Na' —
K —0.15+0.07  Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.1.5).
NpO, (CO, )5~ Li* —
Na"  -0.33+0.17 Calculated in [2001LEM/FUG] (Section 12.1.2.1.3).
K" —
NpO, (CO,),0H"  Li" —
Na® —-040£0.19  Estimated in [2001LEM/FUG] by analogy with NpO, (CO, ):’ .
K" —
NpO, (0x)3” Lit —

Na" -03+02
K —

Evaluated in Section V1.11.2.3 of [2005HUM/AND)].

(Continued on next page)
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Table 5 (continued)

J k &(j.k) Comments

NpO, edta™ Li —
Na* 0.20+£0.16  Estimated in Section VIII.11.2.3 of [2005SHUM/AND)].
K* —

edta®” Li —
Na” 0.32+£0.14

. Evaluated in Section VIIL.3.7 of [2005SHUM/AND].
K 1.07 £0.19
4- o+

P,0, Li —
Na"  -0.26+£0.05 Reported by Ciavatta [1988CIA].
K* -0.15£0.05 Reported by Ciavatta [1988CIA].

Fe(CN)~ Li* —
Na® —
K" -0.17£0.03

NpO, (CO,)3 Li* —

Na" -0.40+0.19 Calculated in [2001LEM/FUG] (Section 12.1.2.1.2).

K* -0.62£0.42 &(NH; , NpO, (CO; );") =—(0.78 + 0.25) kg-mol " is calculated in
[2001LEM/FUG] (Section 12.1.2.2.1).

U(CO,), Lit —

Na" -0.09+0.10  These values differ from those estimated in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K* —

U0, (CO5); Li" —

Na"  -0.01£0.11 These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K* —

4- o+
U0, (0x), Li _

Na"  -0.01£0.11 Estimated in [2005SHUM/ANDY], Section V1.10.2.4.1 by assuming
&(Na", U0z (0x); ) = é(Na",U02(C03)3 ) .

K* —

4— o+
(U0,);(0OH),(SO,); Li —

Na* 0.6+0.6
K —

Estimated in Section 9.5.1.1.2 of [2003GUI/FAN].

(Continued on next page)
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Table 5 (continued)
J k &(j.k) Comments
NpO, (CO,)3~ Li* —

Na" -0.53+0.19  Calculated in [2001LEM/FUG] (Section 12.1.2.1.3).

K* -0.22£0.03 Evaluated in [2003GUI/FAN] (discussion of [1998 ALM/NOV] in
Appendix A) from Ae for the reactions KNpO,CO,(s) + 2 Cco;
= NpO,(CO;); + K" (in K,CO;—KCl solution) and
KsNpOy(CO3)(s) + CO3~ = NpO, (CO; )5 + 3K* (in K.CO; solution)
(based on £(K*,CO3 )= (0.02 £ 0.01) kg'rmol™).

U0, (CO,); Li" —

Na -0.62£0.15 These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K* —

Th(OH)(CO,); Lit —
Na" -0.22+0.13 Evaluated in Section X1.1.3.2.1 of [2008RAN/FUG].
K* —
Np(CO,)S” Li* —
Na' —
K —0.73+£0.68  Calculated in [2001LEM/FUG] (Section 12.1.2.1.4).
(NpO,)(CO4)g~ Li* —
Na -0.46+0.73  Calculated in [2001LEM/FUG] (Section 12.1.2.1.2).
K —
U(CO,)s Lit —

Na" -0.30+0.15 These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K* -0.70 £0.31 Calculated in [2001 LEM/FUG] from Pitzer coefficients
[1998RAI/FEL].

(UO,),(CO5)” Lit -

Na’ 0.37+0.11 These values differ from those reported in [1992GRE/FUG]. See the
discussion in [1995GRE/PUI]. Values for CO? and HCO, are based
on [1980CIA].

K* —

(UO,),Np0, (CO,)  Li* —
Na* 0.09£0.71 Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.2.1).
K* —
(UO, )5 (OH), (SO,);  Li" —
Na* 1.10+£0.5 Estimated in Section 9.5.1.1.2 of [2003GUI/FAN].
K —

(Continued on next page)
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Table 5 (continued)
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J k &(j,k) Comments
Th(CO4)Y Li* —
Na" -0.30+0.15 Estimated in Section X1.1.3.2.1 of [2008RAN/FUG].
K —
(U0,),(0H), (SO4)‘7[ Li" —
Na* 2.80£0.7 Estimated in Section 9.5.1.1.2 of [2003GUI/FAN].

K+
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Table 6: Ion interaction coefficients, & (j,k) and &(j,k), both in (kg'mol ™), for
cations j with k= Cl", C10; and NOj (first part), and for anions j with k= Li",
Na' and K" (second part), according to the relationship €= & + & logo/,,. The
data are taken from Ciavatta [1980CIA], [1988CIA] unless indicated otherwise.
The uncertainties represent the 95% confidence level.

i" - Clo; NO;
&) & &l & &1 &

NH —0.088+0.002  0.095+0.012 —0.0750.001 0.057 + 0.004
o —-0.18 £0.02 0.09 £ 0.02
FeCl; 057+£0.05® -041+0.05®
Agt —0.1432£0.0002  0.0971 + 0.0009
Pb2* —-0.329 +0.007 0.288+0.018
He?t —0.145 +0.001 0.194 +0.002
Hgl" —0.2300 £ 0.0004  0.194 +0.002
FeOH2+ 042+0.06© —-020+0.07¢
FeCcl2t 072006 -055+0.05“  068+£0.05® -041%0.05®
Fe** 0.84+0.04© —0.59+0.06° 0.78+0.05" —0.41+0.05"
Jjk—> Na® K*
i’ &1 & &1 & &1 &
OH- —0.039+£0.002  0.072 +0.006

- + +
NO; 0.02 £ 0.01 0.11£0.01
NOj3 —0.049 +0.001 0.044 +0.002 —0.131 +0.002 0.082 +0.006
H,PO; —0.109 +0.001 0.095+0.003 —0.1473 £0.0008 0.121 +0.004
B(OH); —-0.092+0.002  0.103 £0.005

- - + +
S02 0.125+0.008  0.106 +0.009
S0}  —0.068+0.003  0.093+0.007 -0.184+0.002  0.1390.006

- - + +

3,02 0.125+0.008  0.106 +0.009
HPOZ~ —-0.19 £ 0.01 0.11+0.03 —0.152 £ 0.007 0.123 +0.016
cro?- —-0.090+£0.005  0.07+0.01 —0.123 £ 0.003 0.106 + 0.007

4
cit?~ ~0.55+£0.11® 03+02® —0.15+0.03® 0.13 +0.03®

- - + +
PO} 0.29 +0.02 0.10£0.01

(a) See Section VIL3.6 of [200SHUM/AND].

(®)

(¢) See Section VIL1.3 of [2013LEM/BER].

(d)

(e) See Section V1.4.2.2 of [2013LEM/BER].

See Section VIIL.2.3.2.2.1 of [2013LEM/BER].

See Section VII1.2.3.1.3 of [2013LEM/BER].

(f)  See Section VL.1.2.1.1.1 of [2013LEM/BER].
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Table 7: SIT interaction coefficients &(j,k) (kgmol ') for neutral species, j, with &,
electroneutral combination of ions.

j k> Na' + ClOj Na“+ CI” K"+ NOj3
V)

H,ox(aq) 0.00+0.01® 0.00+0.01® 0.00+0.01®
Hscit(aq) 0.00+0.01® 0.00+0.01® 0.00+0.01®
Hyedta(aq) ~0.29+0.14 ~0.29+0.14 ~0.29+0.14
SnBr,(aq) 0.14 £0.07

SnSO4(aq) 0.19£0.35

Sn(NOs)x(aq) 0.130+£0.111

Ni(ox)(aq) —0.07£0.03 —0.07£0.03

Ni(Hcit)(aq) -0.07£0.5

Ni(SCN),(aq) 0.38+0.06 @

Am(cit)(aq) 0.00 £ 0.05

Np(edta)(aq) ~0.1940.19 @

UO,0x(aq) —0.05 £ 0.06 —0.05 £ 0.06

Uedta(aq) -0.19+£0.19

Mg(ox)(aq) 0.00 +0.03 0.0+0.1©
Mg(Hcit)(aq) 0.02 £ 0.05 0.02 £ 0.05

Ca(ox)(aq) 0.0+0.19 0.0£0.1°¢ 00+0.1®

(a) See Section V.7.1.3.1 in [2005GAM/BUG].

(b) Basic assumption made in [2005SHUM/AND)]. See Sections VI.3.5 and VII.3.6 of that review for

discussions.

(c) Estimated in Section VI.5.2 of [2005SHUM/AND] by assuming s(Mg(ox)(aq), KNOs) = gMg(ox)(aq),
NaCl).

(d) Estimated in Section VI.5.2 of [2005SHUM/AND] by assuming &(Ca(ox)(aq), NaClO,) ~ gMg(ox)(aq),
NaCl).

(e): Estimated in Section VI.5.1 of [2005SHUM/AND] by assuming &(Ca(ox)(aq), NaCl) = s(Mg(ox)(aq),
NaCl).

(f) Estimated in Section V1.5.2 of [2005HUM/AND] by assuming &(Ca(ox)(aq), KNO;) = gMg(ox)(aq),
NaCl).

(g) Estimated in Section VIIL.11.2.2 of [2005SHUM/ANDY] by assuming &Np(edta)(aq),
NaClO,) = gUedta(aq), NaClOy).

6 Conclusions

The specific ion interaction formulation is simple to use and gives a fairly good
estimate of activity coefficients. By using size/charge correlations, it seems
possible to estimate unknown ion interaction coefficients. The specific ion
interaction theory has therefore been adopted as a standard procedure in the NEA
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Thermochemical DataBase review for the extrapolation and correction of
equilibrium data to the infinite dilution standard state.
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