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Guidelines for the Extrapolation to Zero lonic
Strength

Thermodynamic data always refer to a selected standard state. The definition
given by IUPAC B2LAF] is adopted in the NEA-TDB project as outlined in the
TDB-5 guideline PONEA]. According to this definition, the standard state for a
solute B in a solution is a hypothetical solution, at the standard state pressure, in
whichmg = m° = 1 mol- kg%, and in which the activity coefficients is unity.
However, for 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. This is invariably the case for reactions involving ions of high
charge. Precise thermodynamic information for these systems can only be ob-
tained in the presence of an inert electrolyte of sufficiently high concentration, en-
suring that activity factors are reasonably constant throughout the measurements.
The objectives of this guideline are to describe and illustrate various methods of
extrapolation to zero ionic strength and to indicate the methods preferred in the
NEA TDB reviews along with recommended values of the auxiliary parameters.
By following these guidelines, the members of the NEA TDB specialist teams
performing the review will be assured of using the same theory consistently for
the extrapolation to zero ionic strength.

The activity factors of all the species participating in reactions in high ionic
strength media must be estimated in order to reduce the thermodynamic data ob-
tained from the experiment to the standard state=( 0).Two alternative types
of methods can be used to describe the ionic medium dependence of equilibrium
constants:

e One type of method takes into account the individual characteristics of the
ionic media by using a medium dependent expression for the activity coef-
ficients of the species involved in the equilibrium reactions. The medium
dependence is described by virial or ion interaction coefficients as used in
the Pitzer equationgBPIT] and in the specific ion interaction theory.

e The other type of method uses an extended Debye-Huckel expression in
which the activity coefficients of reactants and products depend only on the
ionic charge and the ionic strength, but it accounts for the medium specific
properties by introducing ionic pairing between the medium ions and the
species involved in the equilibrium reactions. Earlier, this approach has
been used extensively in marine chemistfyRefs. [f{9JOH/PYT 79MIL,
79PYT, 79WHI].

The activity factor estimates are thus based on the use of Debye-Huckel type equa-
tions. The “extended” Debye-Hickel equations are either in the form of specific
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ion interaction methods or the Davies equation. However, the Davies equation
(see Sectior2.3) should in general not be used at ionic strengths larger than
0.1 mol- kg~

The following forms of specific ion interaction methods have been described
in the literature:

1. The Brgnsted-Guggenheim-Scatchard approach (abbreviated “B-G-S equa-
tion” in this document)cf. Sectionl.

2. The Pitzer and Brewer “B-method” (abbreviated “P-B” in this document)
cf. Section2.1

3. The Pitzer virial coefficient methodf. Section2.2

Methodsl and2 are equivalent and differ only in the form of the denominator in
the Debye-Hickel term. Methdgirequires more parameters for the description

of the activity factors. These parameters are not available in many cases. This is
generally the case for complex formation reactions.

The specific ion interaction methods are reliable for intercomparison of ex-
perimental data in a given concentration range. In many cases this includes data
at rather low ionic strengthd, = 0.01 to 0.1 M,cf. Figurel, while in other
cases, notably for cations of high charge {4 and< —4), the lowest available
ionic strength is often 0.2 M or higher, see for example Figures V.12 and V.13
in [92GRE/FUQG. It is reasonable to assume that the extrapolated equilibrium
constants at = 0 are more precise in the former than in the latter cases. The
extrapolation error is composed of two parts, one due to experimental errors, the
other due to model errors. The model errors seem to be rather small for many sys-
tems, less than 0.1 units in IggK°. For reactions involving ions of high charge,
which may be extensively hydrolysed, one cannot perform experiments at low
ionic strengths. Hence, it is impossible to estimate the extrapolation error. This is
true for all methods used to estimate activity corrections. Systematic model errors
of this type are not included in the uncertainties assigned to the selected data in
the NEA TDB reviews.

The method used in the NEA Thermochemical Data Base review is the spe-
cific ion interaction theory in the form of the Brgnsted-Guggenheim-Scatchard
approach. It should be emphasised that the specific ion interaction magel is
proximate Modifying it, for example by introducing the equations suggested by
Ciavatta POCIA, Egs. (8-10)] ¢f. Section1.4), would result in slightly differ-
ent ion interaction coefficients and equilibrium constants. Both methods provide
an internally consistent set of values. However, their absolute values may differ
somewhat. Grenthet al. [92GRE/FUG estimate that these differences in general
are less than 0.2 units in IggK °, i.e., approximately 1 kinol~t in derivedA¢Gg,
values.
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1. The specific ion interaction model (SIT) 4

One may sometimes have access to the parameters required for the Pitzer ap-
proachesg.g, for some hydrolysis equilibria and possibly for some solubility
product datacf. Baes and Mesme76BAE/MES and Pitzer F9PIT]. In this
case, the reviewer should perform a calculation using the B-G-S equation, the P-
B equation and the full virial coefficient methods and compare the results. If the
results differ more than the experimental uncertainty, this should be brought to the
attention of the advisory group for ionic strength corrections.

1 The specific ion interaction model (SIT)

1.1 Background

The Debye-Huckel term, which is the dominant term in the expression for the
activity coefficients in dilute solution, accounts for electrostatic, non-specific
long-range interactions. At higher concentrations short range, non-electrostatic
interactions have to be taken into account. This is usually done by adding ionic
strength dependent terms to the Debye-Hickel expression. This method was
first outlined by Bregnsted?2PBR@2 22BR{, and elaborated by Scatchard
[36SCA and Guggenheimd6GUQ. The two basic assumptions in the specific
ion interaction theory are described below.

Assumption 1: The activity coefficien/; of an ionj of chargez; in the solu-
tion of ionic strenght,, may be discribed by Eql].

logioyi = —ZD+ ) e kimMk (1)
k

D is the Debye-Hiickel term:

AR
= T+BaJin @)

A and B are constants which are temperature dependent, jaisdlze effective
diameter of the hydrated ignThe values oA andB as a function of temperature
are listed in Tabld.

The termBa; in the denominator of the Debye-Huckel term has been assigned
a value ofBa; = 1.5 kg'/2:mol~/2, as proposed by Scatchard@6SCA and
accepted by Ciavatt8DCIA]. This value has been found to minimize, for several
species, the ionic strength dependence gf. i, betweenl, = 0.5 m andly, =
3.5 m. It should be mentioned that some authors have proposed different values
for Baj, ranging fromBa; = 1.0 [35GU(J to Ba; = 1.6 [62VAS. However,
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1.1. Background 5

the parameteBa; is empirical and as such correlated to the value @k ..
Hence, this variety of values fdBa; does not represent an uncertainty range,
but rather indicates that several different setBaf ande(j k 1,,) may describe
equally well the experimental mean activity coefficients of a given electrolyte.
The ion interaction coefficients listed in Tabl@shrough5 have thus to be used
with Baj = 1.5 kg/2-mol~%/2,

The summation in Eq.1) extends over all ion& present in solution. Their
molality is denotedmy. The concentrations of the ions of the ionic medium is
often very much larger than those of the reacting species. Hence, the ionic medium
ions will make the main contribution to the value of |gg; for the reacting ions.
This fact often makes it possible to simplify the summafope j k,1,, Mk SO that
only ion interaction coefficients between the participating ionic species and the
ionic medium ions are included, as shown in E§$t0 (9).

Assumption 2: The ion interaction coefficientsj ki, are zero for ions of
the same charge sign and for uncharged species. The rationale
behind this is that, which describes specific short-range in-
teractions, must be small for ions of the same charge since
they are usually far from one another due to electrostatic re-
pulsion. This holds to a lesser extent also for uncharged spe-
cies.

Eq. @) will allow fairly accurate estimates of the activity coefficents in mixtures
of electrolytes if the ion interaction coefficients are known. lon interaction coeffi-
cients for simple ions can be obtained from tabulated data of mean activity coef-
ficients of strong electrolytes or from the corresponding osmotic coefficients. lon
interaction coefficients for complexes can either be estimated from the charge and
size of the ion or determined experimentally from the variation of the equilibrium
constant with the ionic strength.

lon 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 m. The con-
centration dependence of the ion interaction coefficients can thus often be neg-
lected. This point was emphasized by Guggenh&éEUJd, who has presented
a considerable amount of experimental material supporting this approach. 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, Pitzer and Brewerd1lLEW/RAN],
Baes and Mesmef76BAE/MES, or Ciavatta B0CIA]. By using a more elab-
orate virial expansion, Pitzer and co-worker8IPIT, 73PIT/MAY, 74PIT/KIM,
T4PIT/IMAY, 75PIT, 76PIT/SIL, 78PIT/PET 79PIT] have managed to describe
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measured activity coefficients of a large number of electrolytes with high pre-
cision over a large concentration range. Pitzer's model generally contains three
parameters as compared to one in the specific ion interaction theory. The use
of the theory requires the knowledge of all these parameters. The derivation of
Pitzer coefficients for many complexes such as those of the actinides would re-
quire a very large amount of additional experimental work, since few data of this
type are currently available.

The way in which the activity coefficient corrections are performed in the
NEA-TDB reviews according to the specific ion interaction theory is illustrated
below for a general case of a complex formation reaction. Charges are omitted for
brevity.

MM +dL +nH20() = Mplq(OH)p + nH (3)

The formation constant of MLq(OH)n, *Bg.n,m, determined in an ionic medium
(1:1 salt NX) of the ionic strenghty,, is related to the corresponding value at zero
ionic strenght 8  m. by Ed. @).

109;0Bq.n.m = 1001684 n.m + MI0G1g¥m + ql0g1g v L + Nlogspam,o
— 10910 ¥q.n.m — Nl0ogig ¥ H (4)

The subscriptq,n,n) denotes the complex ionM.q(OH),. If the concentrations
of N and X are much greater than the concentrations of M, L \(OH),, and H,
only the molalitiesmy andmy have to be taken into account for the calculation
of the term}_, €.k1.»Mk in Eq. (1). For example, for the activity coefficient of
the metal cation Myy, Eq. 6) is obtained.

2
—25,0.509/Tm
-~y Im

Under these conditiondy,, ~ myx = my. Substituting the log,y; values in
Eq. @) with the corresponding forms of Ecp)(and rearranging leads to

+ &M X, 1) MX (5)

109,30, p.m — AZ?D — plogypan,o = 1003385 om — Aelm  (6)
where
AZ = (mzay—nz — pP+p-mz —nZF (7)
0.5091/1
D YEYNvm (8)
1+ 1.51m
Ae = gm,pmNorXx) + PEH,X) — NEN,L) — MEM,X) 9)

Here(may — nz_ — p), zv andz_ are the charges of the complex;Jun(OH),,
the metal ion M and the ligand L, respectively. Equilibria involving®{l) as a
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reactant or product require a correction for the activity of watigJe. The activity
of water in an electrolyte mixture can be calculated as

In(10) x 5551

l0g108H,0 (10)
where® is the osmotic coefficient of the mixture and the summation extends over
all ions k with molality mg present in the solution. In the presence of an ionic
medium NX in dominant concentration, EQ.0f can be simplified by neglecting
the contributions of all minor speciese., the reacting ions. Hence, for a 1:1
electrolyte of ionic strength, ~ mnx, EQ. (L0) becomes

—2mMnx @
In(10) x 55.51°

l0g108H,0 (11)
Values of osmotic coefficients for single electrolytes have been compiled by vari-
ous authorse.g, Robinson and Stoke$9ROB/STQ. The activity of water can
also be calculated from the known activity coefficients of the dissolved species.

In the presence of an ionic medium, N, _ of a concentration much larger
than those of the reacting ions, the osmotic coefficient can be calculated according
to Eqg. 2) (cf. Egs. (23-39), (23-40) and (A4-2) i6ILEW/RAN)]).

AIn(10)|z;z_| { 1 ]
1- 1+ Baj/Im—2logo(1+ Bajy/Im) — ———
? im(Ba® | oavim Gt + B&Vim) =77 Bajv/Tm
Vyv_
— In(10 m _ 12
(10) &N, x)MNX <v++v_) (12)

wherev, andv_ are the number of cations and anions in the salt formula ( =
v_z_), and in this case

1
Im = §|Z+Z—|me(U++V—)

The activity of water is obtained by inserting E4.2[ into Eq. 1). It should
be mentioned that in mixed electrolytes with several components at high concen-
trations, it may be necessary to use Pitzer's equation to calculate the activity of
water. On the other handy,o is near constant (and equal to 1) in most exper-
imental studies of equilibria in dilute aqueous solutions, where an ionic medium
is used in large excess with respect to the reactants. The medium electrolyte thus
determines the osmotic coefficient of the solvent.

In natural waters the situation is similar; the ionic strength of most surface
waters is so low that the activity of#(l) can be set equal to unity. A correction
may be necessary in the case of seawater, where a sufficiently good approximation
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1.2. lonic strength corrections at temperatures other than 298.15K 8

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 electro-
lyte at significant concentrations,g, (Na*, Mg?+, C&*)(CI~, SO; "), Pitzer's
equation may be used to estimate the osmotic coefficient; the necessary interaction
coefficients are known for most systems of geochemical interest.

Note that in all ion interaction approaches, the equation for mean activity coef-
ficients can be split up to give equations for conventional single ion activity coeffi-
cients in mixturese.g, Eq. (1). The latter are strictly valid only when used in com-
binations which yield electroneutrality. Thus, while estimating medium effects on
standard potentials, a combination of redox equilibria with-He™ = %Hz(g)
is necessarycf. Example3).

1.2 lonic strength corrections at temperatures other than
298.15 K

Values of the Debye-Huickel parameté&andB in Eqgs. @) and (L2) are listed in
Tablel for a few temperatures at a pressure of 1 bar beloWw@@thd at the steam
saturated pressure for> 100°C. The values in Tablé 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 ReHEL/KIR, 79BRA/PIT,
81HEL/KIR, 84ANA/ATK, 90ARC/WAN]. The value ofA is normally treated

as temperature dependent, although the correction is usually small. The values of
&(j.k,1m Obtained with the methods described in Sectid®at temperatures other
than 25C will depend on the value adopted f@a;. As long as a consistent
approach is followed, values efj  |,,, absorb the choice da;, and for temper-
ature intervals between 0 and 2@the choiceBa; = 1.5kg2 - mol~/2 is the
simplest one and is recommended by this review.

The variation ofej k1, with temperature is discussed by Lewis, Ran-
dall, Pitzer and BrewerglLEW/RAN], Millero [79MIL], Helgesonet al
[B1HEL/KIR, 900OEL/HEL, Giffaut et al [93GIF/VIT] and Grenthe and
Plyasunov §7GRE/PLY. The absolute values for the reported ion interaction
parameters differ in these studies due to the fact that the Debye-Hickel term
used by these authors is not exactly the same. Nevertheless, common to all these
studies is the fact that values @fs/dT), are usually< 0.005kg- mol~% . K—1
for temperatures below 200. Therefore, if values ofj k 1, obtained at 25C
are used in the temperature range 0 t&G @M perform ionic strength corrections,
the error in(log,qyj)/Im Will be < 0.13. Itis clear that in order to reduce the
uncertainties on solubility calculations at# 25°, studies on the variation of
&(j.k,1m-values with temperature should be undertaken.
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1.3. Estimation of ion interaction coefficients 9

Table 1: Debye-Huckel constants as a function of temperature at a pressure of
1 bar below 100C and at the steam saturated pressurd fer 100°C. The un-
certainty in theA parameter is estimated by this review to-£6.001 at 25C,
and+0.006 at 300C, while for theB parameter the estimated uncertainty ranges
from +0.0003 at 25C to +0.001 at 300C.

t p A B x 10710
©C) | (bar) | (kg-mol Y2 | (kgz -mol~2 -m1)
0| 1.00 0.491 0.3246
5| 1.00 0.494 0.3254
10| 1.00 0.498 0.3261
15| 1.00 0.501 0.3268
20| 1.00 0.505 0.3277
25| 1.00 0.509 0.3284
30| 100 0.513 0.3292
35| 100 0.518 0.3300
40 | 1.00 0.525 0.3312
50 1.00 0.534 0.3326
75 1.00 0.564 0.3371
100| 1.013 0.600 0.3422
125| 232 0.642 0.3476
150 | 4.76 0.690 0.3533
175| 8.92 0.746 0.3593
200 | 155 0.810 0.365
250 | 29.7 0.980 0.379
300 | 858 1.252 0.396

1.3 Estimation of ion interaction coefficients
1.3.1 Estimation from mean activity coefficient data
Example 1:

The ion interaction coefficienty+ c|-) can be obtained from published values of
Y+,HCI VS. MyCI.
210G v+, Hel = 10010 vH+ + 10910 ver-
= —D+eéemn+cyMe- — D+ e iy Mu+
0019+, Hel = —D + e+ ci-yMHc
By plotting l0g, g+, Hcl + D vs. mycr a straight line with the slopg+ ¢-) 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.
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1.3. Estimation of ion interaction coefficients 10

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

Example 2:

Equilibrium constants are given in Talfdor the reaction
UOst +CI- = UOCIT (13)

The following formula is deducted from EdS)(for the extrapolation td = O:

Table 2: The preparation of the experimental equilibrium constants for the ex-
trapolation tol = 0 with the specific ion interaction method at°’25and 1 bar,
according to Reactionl@). The linear regression of this set of data is shown in
Figurel.

Im  logioBu(exp)®  l0gioBL  10G;0hLm + 4D

0.1 —0.17£0.10 —-0.174 0264+ 0.100
0.2 —0.25£0.10 —0.254 0292+ 0.100
0.26  —0.35+0.04 —-0.357 0230+ 0.040
0.31 —-0.39+0.04 —0.397 0220+ 0.040
0.41 —-0.4140.04 —0.420 0246+ 0.040
051 —-0.32+0.10 —0.331 0371+ 0.100
0.57 —0.42+0.04 —0.432 0288+ 0.040
0.67 —0.34+0.04 —-0.354 0395+ 0.040
0.89 —-0.42+0.04 —0.438 Q0357+ 0.040
105 -0.31+0.10 —-0.331 0491+ 0.100
1.05 —-0.27740.260 —0.298 0525+ 0.260
161 —-0.24+0.10 -0.272 0618+ 0.100
221 —-0.15+0.10 —0.193 Q0744+ 0.100
221 —-0.12+0.10 —0.163 Q774+ 0.100
282 —-0.06+0.10 -0.021 0860+ 0.100
35 0.04£0.10 -0.021 0974+ 0.100

@ Equilibrium constants for Reactiorl®) with assigned
uncertainties, corrected to 25 where necessary.

® Equilibrium constants corrected from molarity to molal-
ity units, as described in the TDB-5 guidelirBONEA].

logyofr+4D = logefS — Aeln (14)

The linear regression is done as described in the NEA Guidelines for the Assign-
ment of UncertaintiesJONEA]. The following results are obtained:
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1.3. Estimation of ion interaction coefficients 11

logyg 5 = 0.170+0.021
Ae(13) 0.248+0.022kgmol~1

The experimental data are depicted in Figlyrehere the area between the dashed
lines represents the uncertainty range that is obtained by using the results in
log,o 87 andAe and correcting back tb # 0.

Figure 1: Plot of logyB1 + 4D vs. |y for Reaction 13). The straight line
shows the result of the weighted linear regression, and the dotted lines represent

the uncertainty range obtained by propagating the resulting uncertainties @t
back tol =4 m.

1.4 - .
12 - R
1 L
a)
< 08 -
+
S 06 -
(@]
S
0.4 logy0 85 = 0.17+0.02
\ Ae = —0.25+0.02
0.2 =+ .
0 | | | | | | |
0 0.5 1 1.5 2 25 3 35 4
lonic strength, molal
Example 3:

When using the specific ion interaction theory, the relationship between the nor-
mal potential of the redox couple BO/U*" in a medium of ionic strength,

and the corresponding quantity bt= 0 should be calculated in the following
way. The reaction in the galvanic cell

Pt Hy | HT || UOST, U*T | Pt (15)
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1.3. Estimation of ion interaction coefficients 12

is
UO2™ + Ha(g) +2HY = UM 4 2H,0. (16)
For this reaction
2
. Au4+ X 80
log;oK® = logyg "B ;
uozt X A X T
log;pK® = log;oK +log;gyys+ — l0gs Yuoz+ — 210G Y+

— 10830 Y11, + 210G paH,0,

fu, ~ pH, at reasonably low partial pressure of(g), an,0 ~ 1, and

logioyysr = —16D + &4+ cio;)Meio;
log;0 Yoozt = —4D ezt cio;)Meio;
logioyHe = =D+ &4+ cio;)Meo; -

Hence,
log;oK® = log;oK — 10D
T (‘9(U4+,CIO;) ~ fuozt.cioy) ~ 25(H+,C|o;)) Mg, - (17)
The relationship between the equilibrium constant and the standard potential is
nk

INnK = —E (18)
RT
nF

INK° = —E°. 19
RT (19)

E is the standard potential in a medium of ionic strerig&° is the corresponding
quantity atl = 0, andn is the number of transferred electrons in the reaction
considered. Combining Eqsl®), (18) and (L9) and rearranging them leads to
Eqg. 0).

E — 10D (%) E° — Asmgyo; (%) (20)
Forn = 2 in the present example afid= 29815 K, Eq. 0) becomes
E[mV]—2958D = E°[mV]-— 29.58A8mc|02 (21)
where
Ae = (8(u4+,c:|o;) ~ fuozt.cio;) ~ 28(H+,C|o;)) : (22)
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1.4. On the magnitude of ion interaction coefficients 13

1.4 On the magnitude of ion interaction coefficients

Ciavatta BOCIA] made a compilation of ion interaction coefficients for a large

number of electrolytes. Similar data for complexations of various kinds were re-

ported by Spahiudg3SPA and Ferri, Grenthe and SalvatoB3FER/GRE These

and some other data have been collected and are listed in Batal&s It is obvi-

ous from the data in these tables that the charge of an ion is of great importance

for the magnitude of the ion interaction coefficient. lons of the same charge type

have similar ion interaction coefficients with a given counter-ion. Based on the

tabulated data, Grentle al. [92GRE/FUG] proposed that it is possible to estim-

ate, with an error of at most0.1 in ¢, ion interaction coefficients for cases where

there are insufficient experimental data for an extrapolation e 0. The error

that is made by this approximation is estimated-t1 in Ae¢ in most cases, based

on comparison with\ e values of various reactions of the same charge type.
Ciavatta [90CIA] has proposed an alternative method to estimate values of

for a first or second compleM L or ML, in an ionic mediaN X, according to

the following relationships,

&ML, NorX) ~ (emx +eLn)/2 (23)
E(MLo, N, or X) ~ (em.x) +2ew.N)/3 (24)

Ciavatta obtained [90CIA] an average deviationtd.05 kg- mol~! betweene-
estimates according to Eq23) and @4) and thes-values at 25C obtained from
ionic strength dependency of equilibrium constants.

2 Other methods for ionic strength corrections

2.1 The Pitzer and Brewer equation

The P-B equation is very similar to the B-G-S equation. The expression for the
activity coefficient of an ion of chargez; takes the form

—720.5107/1 o
logoyi = I1+«/|_ A E B, J)m; (25)
m .
J

where the summation ovgrcovers all anions for the case thas a cation and

vice versa. Tables dB(i, j) are given by Pitzer and BreweBILEW/RAN] and

by Baes and Mesmei76BAE/MES. The Debye-Hickel term¢f. Eq. @), is
different from that in the B-G-S equation. Apart from a slightly different value for
A, the factorBa; has been chosen equal to 1.0 in the P-B equation comparedto 1.5
in the B-G-S equation. The B-G-S equation is preferred to the P-B equation in the
critical evaluations of the NEA-TDB Project for the reasons given in Sedtitin
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2.2. The Pitzer equations 14

2.2 The Pitzer equations

The following text is only intended to provide the reader with a brief outline of the
Pitzer method. This approach consists in the development of an explicit function
relating the ion interaction coefficient to the ionic strength and the addition of a
third virial coefficient to Eq. I). For the solution of a single electrolyte MX the
activity coefficient may be expressed by E2G)[73PIT].

2vmv 2(vmvx)¥/?
Iny = |zsz|fV+m(#X)B),\’,,x+mz(%)C§X (26)

wherevy andvy are the numbers of M and X ions in the formula unit agdand
zx their chargesm is the molality of the solution and = vy + vx. In aqueous
solutions at 25C and 10 Pa the following relations are give@3PIT/MAY]:

Im )
f¥ = —0392| ——— +1.667In1+ 1.2\/1 27
<1+V1.2 =+ 16670+ 121 ) (@)
(@)
Bix = 260+ (1-at2/in-2me ™) (29
m
CIJ\//IX - %thx (29)

wheref? is the Debye-Huckel term extended to include osmotic effects, the para-
meterssyx © andﬂ(l) define the second virial coefficient (corresponding tothe

B-G-S equatlon), an(j‘,,‘\"jIX defines the third virial coefficient, = 3" miz? is

the ionic strength in molal units. In the case of 2:2 electrolytes one could add
to the second virial coefficient terms of the same form. Pitzer's equations have
been extended to cover electrolyte mixturé4RIT/KIM], including terms allow-

ing for the interactions of ions of the same charge sign. B@).i6 an extension

of Eq. (26) for a anions ana cations [9PIT]. Herea anda’ cover all anionsg

andc’ cover all cations, and_m2 =) . .mMczc = ), Malzal.

2vMm VX
Inymx = |ZMZX|fy+—§ ma<BMa+(§ mZ)CMa+—9><a)
v a M

VX M
— Z Mc <BCX + (Z M2 Cex + ;9M0>

+ Z Z mcma |ZM zx | Bca + = (ZVMZM Cca + YMV¥Mca + wacax))

Z Z McMe <Twcdx + |ZmZx| 0éd>
oy
+% Z Z MaMy <T YMaa + 1ZmZx| Qéa,) (30)
a a’
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2.2. The Pitzer equations 15

In Eg. B0) f” is the same as in EG26), Cux, Bmx and its derivative with ionic
strength By, , have the forms

1
Bux = B +’3—(1—(1+2m)e—zm> (31)
,3(1)
Bl = e ( 14 1+ 2T+ 2lm)e 2 ) (32)
C¢
C — MX__ 33
KN 7 =

whereg©@, gD C¢ are the same as for pure electrolytes. In B) thed terms
summarise the interactions between ions of the same charge sign that are inde-
pendent of the common ion in a ternary mixture, and ¢héerms account for
the modifying influence of the common ion on these interactions. PiT8#I[T]
points out that higher order electrostatic terms (beyond the Debye-Hiickel approx-
imation) become important in cases of unsymmetrical mixing, especially if one of
the ions has a charge of three or higher. Higher order electrostratic effects on the
other hand were found to be unimportant for cases of symmetrical mixing and for
pure unsymmetrical electrolytes.

Based on the cluster integral meth@2FRI, Pitzer [75PIT] divided the dif-
ference termgyy into two parts

N = SOun + EOun (34)

TheFoyn terms may be expressed as:

ZM 2N

“oun = A (Ixmn) — 33 Xm) — 3J (X)) (35)
m

E,n/ E 0 ZMZN ’ 1 ’ 1 /

Oun = — MY (xmn J () — 5Xmm 3" (Xmm) — 3Xand (X)) (36)
m m

wherexij = 6z2;0.392,/1, at 25C and 18Pa andJ (x) is an integral which can
be approximated as

-1

6
Jx) = —ix%(n x)e 10 | <Z Ckx‘k> . (37)
k=1

The first term is in fact important only at very low ionic strengths, thus for cases
used in equilbrium analysis one has

JX) =

4118 7.247 4408 1837 0251 00164\ '
- - - - .(38)

X X2 x3 x4 x> X6
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2.2. The Pitzer equations 16

The9yn parameters can be evaluated from data on mixtures of electrolytes by
calculating the differences between the experimental valye”8fand the value
calculated with the appropriate values for all pure electrolyte term&@nerms

but zero values fot® andy terms. For the activity coefficient of MX in a MX-NX
mixture one has Eq30) and equivalent expressions for other cases.

AV
Alny = (% limy+|=|m 39
2o Y ( MN + (M + ' o~ } M)WMNX) (39)

This is the equation of a straight line with intercéfn and slope/ynx, when
the left side of Eq.39 is plotted against a function of the compositié(mx +
‘i—ﬁf‘ mw).

The Pitzer equation for single electrolytes with the value of parameters collec-
ted in several publications, may be used as a compact source of activity coefficient
data. Fromthe value/s;jk thus obtained, one may calculate, for examplg 1.,
values using Eq.1).

For the estimation of medium effects on solubility equilibria in mixtures of
electrolytes involving ions of charge less than 3 units, on may negleétdaheq
terms in EqQ. 80).

In equilibrium analysis studies carried out in the presence of an inert salt (me-
dium salt NX) and small (“trace”) concentrations of the reactants, only the terms
involving myx have to be considered in EQQ), while those involvingn{™€can
be neglected. Nevertheless, as the main difficulty there still remains the accurate
estimation of the parameters of single electrolgt®, gV, C? for species such
as metal ion complexes.

Equations for single ion activity coefficientd9PIT], osmotic coefficients
[74PIT/KIM] and other thermodynamic quantitieg7[SIL/PIT], as well as ap-
plications in different case®(g, H.SO4 and HsPOy solutions) have been given
by Pitzer and co-workergPPIT, 76PIT/SIL.

From Tables3 and4 it seems that the size and charge correlations can be ex-
tended to complex ions. This observation is very important because it indicates a
possibility to estimate the ion interaction coefficients for complexes by using such
correlations. Itis, of course, always preferable to use experimental ion interaction
coefficient data. However, the efforts needed to obtain these data for complexes
will be so great that it is unlikely that they will be available for more than a few
complex species. It is even less likely that one will have data for the Pitzer para-
meters for these species. Hence, the specific ion interaction approch may have a
practical advantage over the inherently more precise Pitzer approach.

2.3 The equations used by Baes and Mesmer
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2.3. The Davies equation 17

Baes and Mesmef7BBAE/MES use the functionF (I,,) proposed by Pitzer to
express the ionic strength dependence of the ion interaction coeffBigntin
Guggenheim’s equations. For a single electrolyte

OSlW 2V|\/| VX

lo v = —|zmz + Byix m 40
010 V+Mmx |zZmzx | 1+ v y MX Mvix (40)
where
BMX - B|(\>/|Ox+(B|§)/|x—Bf/|ox)F(|m) (41)
1— (14 2Tm — 2ly)e2Vm
Fllm =~ VI EAWE T B o) = 1, F(oo) = 0. (42)
m

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
constantu x, values,cf. Eq. (1), are not obtained at high ionic strengths. The
parametersBy,, and By, can be determined from a single electrolyte activity
coefficient datum by calculating firdyvx. (Note thatBux # &(j k), since the
Debye-Huckel term in Eq40) does not have the factor 1.5 in the denominator.)
By plotting Bmx (Im) values againgt (Im), By is obtained as the intercept while
Bux isobtained from the slope of the straight ling, Eq. @1). The equation for
a mixture is similar to Eq.40) andByx = 0 if M and X are of the same charge
sign. In the case of equilibrium constant measuremexisyalues are expressed
by equations similar to Eq6J.

The corresponding. B and A B* can be obtained together with tiévalues
from the system of equations

0.511./1
Aziz—m’n

1+ /Imn

logyoB° + AB® [1— F(Imn)] Imn + AB°F(Imn)lmn (43)

wherepg (Im n) and(aq,0)n refer to the values gf andan,o at ionic strengthm .
From the values obtained faxB° andA B> and equations similar to EQ), one
may estimate the unknowsy,, and By, values.

l0g108(Im,n) — —rlog;g(@H,0n =

2.3 The Davies equation

The Davies equatiorBRDAV] has been used extensively to calculate activity coef-
ficients of electrolytes at fairly low ionic strengths.

The Davies equation for the activity coefficient of an ioof chargez; is, at
25°C:

log;pyi = —0.51027 (%—03%). (44)
m
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3. Conclusions 18

The equation has no theoretical foundation but is found to work fairly well up to
ionic strengths of @ mol- kg~2. It should not be used at higher ionic strengths.
The Davies equation has a form similar to the B-G-S equation but with “ion inter-
action coefficients” equal t0.05372, i.e., 0.15, 0.61 and 1.38 for ions of charge
1, 2 and 3, respectively. These values do not agree very well with the tabelated
values.

3 Conclusions

The specific ion interaction approach is simple to use and gives a fairly good
estimate of activity factors. 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 Thermochemical
Data Base review for the extrapolation and correction of equilibrium data to the
infinite dilution standard state.
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TABLES 19

Tables of ion interaction coefficients

Tables3 through5 contain the selected specific ion interaction coefficients used in
this review, according to the specific ion interaction theory described in Selction
Table3 contains cation interaction coefficients with CICIO, and NG;, Table4

anion interaction coefficients with £j with Na" or NH; and with K. The
coefficients have the units of kgnol~! and are valid for 298.15 K. The species

are ordered by charge and appear, within each charge class, in standard order of
arrangementf. Ref. [B2WAG/EVA.

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 BOCIA] proposed the use of Eg4%) for cases where the uncertainties
in Tables3 and4 are+0.03 or greater.

E = &1+ ¢&2 |oglo Im (45)

For these cases, and when the uncertainty can be improved with respect to the use
of a constant value af, the values1 ande2 given in Tables should be used.

It should be noted that ion interaction coefficients tabulated in T&ile®ugh
5 may also involve ion pairing effects. In direct comparisons of ion interaction
coefficients, or when estimates are made by analogy, this aspect must be taken
into account.

Table 3: lon interaction coefficients i for cationsj with k = CI~, CIO, and

NOj, taken from CiavattagOCIA, 88CIA] unless indicated otherwise. The un-
certainties represent the 95% confidence level. The ion interaction coefficients
marked with T can be described more accurately with an ionic strength dependent
function, listed in Tablé. The coefficients yn+ - ands(Mn+,N03—) reported by
Ciavatta BOCIA] were evaluated without taking chloride and nitrate complexation
into account.

j k— Cl- clo, NO3
J

H* 0.12+0.01 0.14+0.02 0.07+0.01
NH ~0.01+0.01 | —0.084 0.04 ~0.06+ 0.03"
Hogly* —0.06+0.02

TI+ —0.214 0.06"

ZnHCOJ 0.2@

cdcr 0.25+ 0.02

_ (Continued on next page)
@Taken from Ferret al. [85FER/GRE

Version of 6th January 2000



TABLES

Table 3: (continued)

20

| k— CI- clo; NO;

\

cdi 0.27+0.02

CdSCN- 0.31+0.02

HgCI* 0.19+ 0.02

cut 0.11+0.01

Agt 0.00+ 0.01 —0.12+0.05'
YCOZ 0.174 0.04®

uog 0.26 4 0.03©

UO0H* —0.06+0.40C) | 051+1.4(C)
(UOp3(OH)F | 0814017 | 045+015C) | 0.41+022°)
UF} 0.140.1@ 0.1+0.1(4)

UOaF* 0.04+0.07® |  0.29+0.05C)

UO.CI* 0.33+0.04(¢)

UO,CIO} 0.33+ 0.04()

UO.Br+ 0.24+0.04(d)

UO,BroOf 0.33+0.04(d)

U107 0.33+ 0.04()

UO,N; 0.3+0.1(d

UONOZ 0.33+ 0.04(d)

UO,SCN¥ 0.22+ 0.04()

PuG; 0.24 + 0.050

NpOJ 0.25+ 0.059)

(®)Taken from Spahiug3SPA.

(©Evaluated in the uranium revie®@2GRE/FUG, usinge

whereX = CI~, CIO, and NG;.
(@Estimated in the uranium revie@2GRE/FUG.

(©)Taken from Riglet, Robouch and Vitorg@JRIG/ROB, where the following assumptions were

(Continued on next page)

(UO5™,X)

= (0.46+ 0.03) kg - mol~1,

made:e s cio;) ~ &pe+.cio;) = 0-49 kg- mol~t as for otherM®*, CIOy) interactions,

~ ~ _ -1
a”dS(Npogtclo;) ~ epugt.cioy) Y Euodt.cioy) = 0.46 kg- mol~=.

O Derived fromAe = £pudt.clo;) — Epug;.cio;) = (0.22 0.03) kgmol{95CAP/VIT]. In

[92GRE/FUG ¢ = £pugt.clo;) = (0.17+0.09) kg-mol~lwas tabulated based 08JROB
89RIG/ROB 90RIG. Capdevila and Vitorge's dat®2CAP, 94CAP/VIT, 95CAP/VIT] were
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Table 3: (continued)

21

j k— Cl- Clo, NO;

¥

NpO,OH* —(0.06+ 0.40)(0)

(NpPO2)3(OH);. —(0.45+0.20)(0)

Am(OH)3 0.17 + 0.04M

AmF; 0.17+0.04N)

AmMSO; 0.22+0.08"

AmCO} 0.17+ 0.04M)

AIOH2* 0.090 0.310)

Al,CO3(0H)3+ | 0.260)

PR+ 0.15+ 0.02 ~0.20+0.12"
Zn?+ 0.33+0.03 0.16 £ 0.02
ZncC* 0.35+0.05(2)

CcPt 0.09+ 0.02
Hg?+ 0.34+0.03 —0.1+01"
Hgs" 0.09+ 0.02 —0.2+0.1"
cuwt 0.08+ 0.01 0.32+ 0.02 0.11+ 0.01
Ni2* 0.17+0.02

Cot 0.16+ 0.02 0.34+ 0.03 0.14+ 0.01
FeOH+ 0.38(b)

FeSCN+ 0.45()

Mn2+ 0.13+£0.01

YHCOZ* 0.39+ 0.04(b)

PuG™ 0.46+ 0.05

NpO&* 0.46 + 0.05(K)

not available at that time.

(Continued on next page)

@ As in [92GRE/FUG, derived fromAe = £po2.ciop) — Enpot.ciop) = (0.21+ 0.03)

kg-mol~1[87RIG/VIT, 89RIG/ROB 90RIG.

(") Estimated in the NEA-TDB review on americium thermodynam@&SIL/BID].
() Evaluated in the NEA-TDB review on americium thermodynan@&IL/BID].
0)Taken from Hedlundg8HED.

Version of 6th January 2000



TABLES

Table 3: (continued)

22

j k= CI- Clo, NO;

\

(NpO2)2(0OH)2* —(0.57+0.10)(0)

NpSG;+ (0.484 0.10)

uoz+ 02140020 |  0.46+0.03 0.2440.03(0)
(UO2)2(0H)3* | 0.69+0.07%)| 05740079 | 0.49+0.09°)
(UOp)3(OH)2" | 050+0.180) | 0.89+023C) | 0.72+1.00)
UFZ* 0.3+0.1(d

usGt 0.3+0.1(d

U(NO3)3* 0.49+ 0.14M

AmOH?2+ 0.39+0.04N)

AmF2+ 0.39+ 0.04M)

AmCI2+ 0.39+ 0.04M)

AmMNZ* 0.39+ 0.04M)

AmMNOZ* 0.39+ 0.04M)

AmMNOZ* 0.39+ 0.04M)

AmH,POZ* 0.39+0.04N)

AMSCNA 0.39+ 0.04M)

Mg?* 0194002 | 0334003 0.17+0.01
Cat 0144001 | 027+003 0.02+0.01
B2+ 0074001 | 0154002 —0.28+0.03
A3+ 0.33+0.02

Fett 0.56+ 0.03 0.42+0.08
Cr3t 0.30+0.03 0.27+0.02
La3t 0.22+0.02 0.47+0.03

(Continued on next page)

&) By analogy withe 2+ io; as derived from isopiestic measurementsiAGRE/FUG. The
uncertainty is increased because the value is estimated by analogy.

() These coefficients were not used in the NEA-TDB uranium revi@2GRE/FUG because

they were evaluated by Ciavat@JCIA] without taking chloride and nitrate complexation into
account. Instead, Grentletal useds

and NG .

(UOs*,X)

= (0.46+ 0.03) kg- mol~%, for X = CI~, CIO,

(MEvaluated in the uranium revie®2GRE/FUG USingf‘?(u4+,C|o;) = (0.76=£0.06) kg - mol~1.
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Table 3: (continued)

23

i k- Cl- Clo, NO;
|

La3t — Ludt 0.47 — 0.52(b)
Pt 0.49 + 0.05"
PUOH+ 0.50+ 0.05(0)
Np3+ 0.49 + 0.05(")
NpOH3+ 0.50+ 0.05©
U3+ 0.49+ 0.05(M)
UOH3+ 0.48+ 0.08(M)
UFS+ 0.48+ 0.08(d)
uc+ 0.59+ 0.10(M)
UBr3+ 0.52+ 0.10(9)
uI3+ 0.55+ 0.10(d)
UNOS* 0.62+ 0.08(M)
Am3+ 0.49 + 0.03(N)
Be,OH3* 0.50+ 0.05P
Bes(OH)3* 0.30+0.05(P)|  051+005P) | 0.29+0.05(P)
Al3CO3(OH)4 | 0.410)

Fe(OH)4 0.82(P)
Y,COlt 0.80++ 0.04(b)
PuH 0.82+ 0.069
Np*t 0.84+ 0.06")

(Continued on next page)

(™ Estimated by analogy With?(Ho3+,C|o;) [83SPA as in previous books in this series

[92GRE/FUG 95SIL/BID]. The uncertainty is increased because the value is estimated by

analogy.

() Estimated in the TDB Np/Pu reviev2OOLEM/FUQG

(P)Taken from Bruno §6BRU, where the following assumptions were mad%eﬂ)ClOD =

0.30 kg- mol~ as for other g2+ cio; ) £@e2+.ci-) = 0.17 kg- mol~* as for othek yz+ ¢,

ande e+ no;) = 0.17 kg- mol~* as for other e+ noy)-

@ Derived fromAe = ¢py cio;) — &pi+cio;) = (0-33+ 0.035 kg-mol'[95CAP/VIT].
Uncertainty estimated in the Np/Pu revie20PDOLEM/FUQ.
series P2GRE/FUG, &pp+ cio,) = (1.03+ 0.05 kg-mol~twas tabulated based on refer-

In the first book of this

Version of 6th January 2000



TABLES

Table 3: (continued)

24

i k— Cl- ClO, NO;

\’

U4t 0.76+ 0.06(d)®)

Th*t+ 0.25+ 0.03 0.11+0.02
Al3(OH)S* 0.660) 1.300)

ences §9ROB 89RIG/ROB 90RIG. Capdevila and Vitorge's date®@RCAP, 94CAP/VIT,

95CAP/VIT] were not available at that time.

© Derived from Ae = &yt cios) — Enpcio;) = (0.35 % 0.03) kg-mol[89ROB

89RIG/ROB 90RIG.

©® Using the measured value ofe = ¢+ cio;) — £us+ cio;) = (0.35+ 0.06) kg-mol~'page
89[90RIG, where the uncertainty is recalculated in the TDB Np/Pu revigdOPLEM/FUQ
from the data given in this thesis, ang%)ClOD = (0.49 + 0.05) kg-mol~1(see footnote

(M), a value forg(u4+,C|o;) can be calculated in the same way as is done(ﬁg&;ﬂmo‘;) and

€ (Pu+ ClOy )" This Va|Uef9(u4+,C|o;) = (0.844+ 0.06) kg-mol~1, is consistent with the tabulated

€+ clo;) = (0.76+0.06) since the uncertainties overlap. The authors of the present work do

not believe that a change in the previously selected value(@jm’mop is justified at present.
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Table 4: lon interaction coefficients i for anionsj with k = Li*, Natand K",

taken from CiavattaJOCIA, 88CIA] unless indicated otherwise. The uncertain-
ties represent the 95% confidence level. The ion interaction coefficients marked
with T can be described more accurately with an ionic strength dependent func-
tion, listed in Tablés.

j k— Li+ Nat K+

l

OH- —0.02+0.03" | 0.04+0.01 0.094+ 0.01
F- 0.02+0.02® | 0.03+0.02
HF, —0.11+0.06®

Cl- 0.10+0.01 0.03+0.01 0.00=+ 0.01
Clog —0.01£0.02

Clo, 0.15+0.01 0.01+0.01

Br- 0.13+0.02 0.05+ 0.01 0.01+0.02
BrO; —0.06+0.02

- 0.16+0.01 0.08+0.02 0.02+0.01
103 —0.06 £ 0.02®

HSO, —0.014+0.02

\ 0.0£0.1®

NO, 0.06+0.04" |  0.00£0.02 | —0.04+0.02
NO; 0.084+0.01 | —0.04+0.03" | —0.11+0.04"
HoPO; —0.08+£0.04" | —0.14+0.04
HCO; 0.004 0.029 | —0.06-0.05"
SCN- 0.05+£0.01 | -0.01+0.01
HCOO~ 0.03+0.01

CH3;COO~ 0.05+ 0.01 0.08+0.01 0.09+ 0.01
SiO(OH)3 —0.08+0.03®

Si,02(0OH); —0.08+ 0.04®

B(OH), —0.07 £ 0.05

UO,(OH); —0.09+ 0.05

UOF; 0.00+ 0.05®

UO2(N3)3 0.0£0.1®

(UO,)2CO3(OH) 5 0.00+ 0.05®

AM(SOy), —0.05+ 0.05©

Am(COg), —0.05+ 0.05©

(Continued on next page)
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Table 4: (continued)

26

j k— Li+ Nat K+

l

NpO,(OH), —(0.014 0.07)

NpO,COy —0.18+0.15"
(NpO,)2CO3(OH)3 (0.00+ 0.05)

S{o —0.08+ 0.05'

S{o/n —~0.03+£0.04" | —0.124+0.06" | —0.06+0.02
05" ~0.08+ 0.05'

HPO,~ ~0.15+0.06" | —0.10+ 0.06'
CO; —0.08+0.039 | 0.02+0.01
SiO(OH)5~ —0.10+ 0.07®

SipO3(OH);~ ~0.15+0.06®

Cro;~ —0.06+0.04" | —0.084 0.04"
UO,F2~ —0.08+ 0.06®

UO(SOy)5~ —0.124+ 0.06®

UO2(N3)s~ ~0.1+0.1®

UO,(CO3)5~ —0.02+ 0.09@

NpO2(COz)5~ ~0.02+ 0.14%

PO ~0.25+0.03" | —0.09+0.02
Sig0s(OH); —0.25+0.03P

Sig0s5(OH)z~ —0.25+0.03P

SisO7(OH)Z~ —0.25+£0.03®

AmM(COz)3~ —0.154 0.05©

NpO2(COz)5~ ~0.33+£0.17"

P,0" ~0.26+£0.05 | —0.15+0.05
Fe(CN)g~ ~0.17+0.03
U(COs);~ —0.09+0.10P @

UO,(COz)5~ ~0.01+0.11@

NpO,(COs)3~ —0.40+0.19® | —0.62+0.429®
NpO,(CO3),0H*~ —(0.404+0.19)™

(Continued on next page)
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Table 4: (continued)

j k — LiT Nat K+

l

UO2(CO3)3~ —0.62+ 0.15@

NpO2(CO3)3~ —0.53+0.19M

U(CO3)2~ ~0.30+£0.159 | 0.704+0.31"
(UO2)3(COz)g~ 0.37+0.11@

(NpO2)3(COs)¢g ™~ —0.46+0.73®
(UO2)2NpO2(COs)¢g ™ 0.09+ 0.710

Np(CO3)e —0.7340.689

@Evaluated in the NEA-TDB uranium revie®W2GRE/FUG.
®Estimated in the NEA-TDB uranium revieW2GRE/FUG.
(©Estimated in the NEA-TDB americium revie®3SIL/BID].

@These values differ from those reported in the NEA-TDB uranium review. See the
discussion in95GRE/PU]. Values for C@‘ and HCQ are based orBpDCIA].

(®Calculated in the Np/Pu revie\2DQOOLEM/FUQG.

(" Calculated in the Np/Pu revie? QOOLEM/FUQ.

@ Calculated in the Np/Pu reviel?QOOLEM/FUQG.

(h)g(NpOZ(CO3)‘3",NHI) = —(0.78+ 0.25) kg-mol~lis calculated in the Np/Pu review
[2000LEM/FUQG

() Calculated in the Np/Pu reviel2pOOLEM/FUQG.

() Calculated in the Np/Pu reviel2pOOLEM/FUQG.

& Estimated by analogy in the Np/Pu revie2dPOLEM/FUQG.

() Estimated by analogy in the Np/Pu revie20DOLEM/FUQG.

(M Estimated in the Np/Pu revie?QOOLEM/FUQ by analogy with NpQ(COz)3~
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Table 5: lon interaction coefficients, j ) ande 2, j k) for cationsj with k = CI~, CIO, and NG (first part), and for anions
j with k = Li*, Nat and K* (second part), according to the relationship- ¢1 + ¢, log;o Im. The data are taken from

Ciavatta BOCIA, 88CIA]. The uncertainties represent the 95% confidence level.

j k— cl- cio, NO,

| £1 &2 £1 &2 €1 €2
NHI —0.0884+0.002 | 0.095+0.012 —0.0754+0.001 0.057+ 0.004
Agt —0.14324+0.0002 | 0.0971+ 0.0009
TI* —0.18+0.02 0.09+0.02

Hgé* —0.2300+0.0004 | 0.194+0.002
ng+ —0.14540.001 0.194+ 0.002
Pt —0.3294+ 0.007 0.288+0.018
i k— Lit Na K+

| £1 &2 £1 &2 €1 €2
OH~ —0.0394+ 0.002 | 0.072+ 0.006

NO; 0.02+0.01 0.11+0.01

NO3 —0.0494+0.001 | 0.044+0.002| —0.131+0.002 0.082+ 0.006
B(OH), —0.0924+0.002 | 0.103+ 0.005

H2PO, —0.1094+ 0.001 | 0.095+0.003 | —0.1473+0.0008 | 0.121+ 0.004
SOg_ —0.1254+0.008 | 0.106+ 0.009

SOE_ —0.0684+ 0.003 | 0.093+0.007 | —0.184+0.002 | 0.1394 0.006

05~ —0.1254+0.008 | 0.1064+ 0.009

HPOE_ —-0.19+0.01 0.11+0.03 —0.1524 0.007 0.123+0.016
CrOi_ —0.090+0.005| 0.07+0.01 —0.1234+0.003 0.106+ 0.007
POZ_ —0.29+0.02 0.10+0.01
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