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Abstract

The transient transport of radioelements in clayey porous media had been studied by using chromatographic
(column) experiments and 1 M Na" + 0.2 M HCO;/COs> aqueous solutions at room temperature. Elution
curves of Np(V) and Ca”" at trace concentration had been interpreted by coupling transport equations with mass
action law to account for complexation and sorption (ionic exchange on porous media). This allows to measure
partition coefficient, Kgnporca, and to model its variations with chemical composition of the aqueous phase.
Evidence of three sorption sites, and H/Na/(Ca** or NpO,") ionic exchanges had been found in these
conditions. H+/Np02+ ionic exchange equilibrium constant on site 3, 3Kyn, is obtained from Ky
measurements, by using thermodynamic cycles to deduce the contributions of the formation constants of Np(V)
carbonate complexes (3, and B3), and of HCO;™ anion (K;). The same methodology is here used at 5 to 45°C to
estimate enthalpy of reaction, AH, from T influence on ionic exchange equilibrium constant. AH values are
discussed in term of chemical bonding or other interactions of cations with clayey material. As expected,
temperature influence on measured K, is found to be quite small, usually less than experimental reproducibility;
but for Np(V) more accurate results are obtained by cancelling systematic errors. Temperature influence on
3Ky 1s smaller than on B; and K. Van't Hoff equation is used to estimate AH(;Kynp) = -2+4 kJ mol™”.
Introduction

To assess the safety of radioactive waste disposal, the behaviour of radionuclides in porous media has to be
known. Solute transport is controlled by hydrodynamics, physico-chemical interactions and aqueous chemistry.
When these basic processes are known independently, their coupling can be calculated [1]. This type of
prediction was checked experimentally [2] by using column experiments. Sorption properties of the clayey

material were [3] characterised by studying Ca®" migration at trace concentration in Na/H" aqueous solution.

'This work is part of Christine André's Thesis [3].
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Taking into account aqueous speciation, experimental results of Np(V) migration (at trace concentration) were
interpreted with NpO,'/H" ionic exchange, while Np(V) anionic carbonate complexes were predominated in the
aqueous phase. Since temperature influence on ionic exchange equilibria has seldom been studied, we here
focus on this subject, using the same methodology (liquid chromatography and data treatment) as at room
temperature: at 5 to 45°C, Na", H and Ca®" are used first to characterise each sorption site, Np(V) migration is
then measured at three different pH. The flow through the column is characterised by residence time
distribution measurements, and modelled using a cell network model [1]. At constant Na® concentration, ionic
exchange and surface complexation models are equivalent. They both rely on mass action law, hence on Gibbs
energy de termination (AG = - R T InK, where K is the equilibrium constant). Enthalpy of reaction, AH, can
then be deduced from T influence by using classical thermodynamic equations. AH de termination can be useful
to (1) compare with theoretical calculations, (2) discuss the type of interactions between species of the studied
sorption equilibrium. The aim of the present work is to estimate whether one can deduce AH from temperature
influence on sorption equilibria. For this, the main chemical equilibria involved in sorption system, are first
identified.

Experimental section

Na‘/Ca®* exchange was studied first as a function of pH using trace calcium (*Ca). The material was
equilibrated with 1 M Na aqueous solutions. Np(V) migration in 1 M Na’, 0.2 M (HCO; + CO;?), ClO,
solutions was then studied. Experiments were performed in liquid chromatography columns (7 cm long for a
diameter of 1.6 cm) filled with a sand and Fo-Ca-7 clay (6.5% weight) mixture (typically 20.08 g). Before the
first use the column was purged of air with CO,. Before each experiment it was equilibrated with the working
solution. The pore volume and the dispersion of the flow were determined by Residence Time Distribution
measurements. For this, the response to a 2 ml pulse injection of a 0.5 M NaClO, solution was detected by
conductivity at the outlet of the column. In our conditions (1 M NaClO, solutions) this pulse is a tracer of the
aqueous electrolyte. All experiments were performed at the same flow rate, 1 ml/min. 2 ml of Np(V) solution at
about 5.10° M were injected through the column. It had the same Na'/HCO;/CO5*/Cl0, composition as the
eluting one. The solution was collected at the outlet of the column, and the total Np concentration was
measured in each fraction by counting its o activity in an o—[3 discriminating liquid scintillation analyser
(LKB-WALLAC 1219 RACKBETA).

For pH measurements, the glass electrode was calibrated in concentration units (-lg[H'], not -lg(ay.))
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by using HCO5/CO;” buffers at I=1M and the equilibrium constants given in Table 1. More experimental
details, eluting curves and other results are given in Ref.[3]. Series of experiments at three different -lg[H]
(8.76%0.10, 9.53+0.12 and 10.63+0.21, values at 25°C) have been performed at 5 to 45°C (Fig.2 and 3) in the
same column, and using the same eluting solution. The difference in -Ig[H'] was then only due to 1gK, (=1gh +
1g[H'], where h = [CO5>] / [HCO;]) variations with temperature (Table 1). In these experiments we found 0.1
uncertainty on g h, that we attributed to pH measurement which were not scattered; but systematically shifted
from 5 to 45°C. Typically these shifts were of 0.09 and -0.11 for -lg[H] = 8.76 and 9.53 respectively.
Treatment of data

The retention volume Vg, was calculated from the measurement of the column response to pulse injections of

element X, at steady flow: it is the first moment of the recovery peak. The value of the distribution coefficient,

_[X] 1
Kax X ()

was calculated as

- VR
Kax v G D @)

where [X] (mol.I'") and [)_(] (mol.kg™) are the total X concentrations in the aqueous phase and sorbed on the

porous medium respectively. The pore volume, V,, was calculated as the first moment of the recovery peak of a

tracer of the aqueous phase. For each site, i, it is assumed that the X*'/Y " ionic exchange equilibrium

X rzY o Xz Y (3)

(where X** = (Na*, Ca’* or NpO,"), Y =H", Na" or NpO,"), ; X** represents the species X** sorbed on sites i)

is described by mass action law for ideal systems

YT [X™]
Y 1 [ X

“)

iKxy =

Note that ;Knuca = (iKNa/H)2 / Kean, iKxn =1/ Kyx, and that Ky is dimensionless for cations of same charge
(z=1), i.e. for H/Na"/NpO," exchanges in our study. Ionic exchange capacity for site i, EC;, is constant (mass

balance equation), and

EC; =[iNa" ]+ [{H"] ®)

since Ca and Np(V) where used at trace concentrations. The distribution coefficient of X”* relative to site i, is
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iKaxzt =

Reporting Eq.(4) into Eq.(6) gives

LY
[Y*"]?

iKaxzt / iKxy
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Reporting Eq.(6a) for ;Knaca and for Kynam, into Eq.(5) for calcium at trace concentration, gives

inCa =

2
iKna/ca EG

[Na* (1 +; Kna/n :

At high pH ([H'] << [Na'] iKina), ECi ~ [ iNa+ 1 (Eq.5), 1g(iKqca) = P; (Eq.7) is constant, where

[H'] )2
Na™*]

P; = lg(Knwca EC/ [Na'T)

conversely, when [H'] >> [Na'] Kyca, ECi % [ {H

lg(iKqca)

" 1(Eq.7),

= lg(Kyyca EC))* +2 (-lg[H])

The intercept of the two above limiting lines (Eq.7a and b), is obtained for -Ig[H'] = pHi,

pH, = 0.5 1g(Kyan) - 1g[Na’])

The measured Kqc, values (Eq.2) were modelled by reporting Eq.(7) into

Kaca = 1K4ca T 2Kdca T 3Kdca

4/14

(6)

(6a)
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(7a)

(7b)

(7c)

®)

Similar modelling was used for Kgn,. At low pH, Ca® is expected to be sorbed only on site 1, Kyca ~ 1Kqca

(Eq.8), and 1gKqc, is a straight line of slope +2 (Eq.7b) as a function of -Ig[H']. Increasing pH above pH,

(Eq.7¢) a plateau, Py, is reached (Eq.7a). Increasing again pH, Kyc, will increase after the first plateau, to a

second plateau corresponding to sorption site 2, and so on. Evidence of 3 ionic exchange sites was found in this

way (Fig.1); but the third plateau was not reached because high enough pH could not be used (avoiding clay

dissolution).

Np(V) sorption was interpreted as NpO," ionic exchange on the third site (i = 3), hence ;Kan, = Kanp (Eq.8). K4°

notation is used for ;Kgnpo,+ (Eq.6).
K4° =a Kde

is deduced from Kgy, definition (Eq.1), where

3 . 2 .
o =1+ Y BICOTTY + X BH T + B [COST/[HP

=1

=1

©

(10)
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is Np(V) complexation coefficient (calculated with the constants of Table 1). When -1g[H] << 10, EC; ~

[ 3H+ 1 (Eq.5), using this approximation and Eq.(9) gives similarly as Eq.(7b)
1gK4° ~ 1g(Kunp BCs) + (-Ig[H']) (11)

Hence, the curve 1gKy° vs. -Ig[H] is a straight line of slope +1, and this was used as evidence of the

:NpO3 +H < NpO," + ;H' (12)

ionic exchange equilibrium (Fig.2). Conversely, when site 3 is under Na" form, K4° ~ (;Kxan, EC3) / [Na']: the

curve 1gKq° vs. -Ig[H"] is expected to be a horizontal line (Fig.3). In chemical conditions where [ ;Na* ] <<

[ 3H" ]~ EC;, [CO5”] << [HCO57] » [COs], = 0.2 mol.I" and [Np(V)] ~ [NpO»(COs);”] = [NpO,'] B; [CO5* T’ =
[NpO,'] Bs (K; [HCOsJ/[H'])’ » [NpO,'] B; K;* [COs]/[H]’ (Eq.1, 6a and 9)
12K axp ~ 1g(Kunp EC3 / (B Ki* [COs1) - 2 (lg[H']) (11a)

where EC; is a constant, 3Ky, /K [35) is the constant of the equilibrium

:NpO3 +3 HCO; < NpOy(COs3);" +2H' + ;HF (12a)
and [COs]; was constant in our experiments. The constant of equilibrium(12), ;Kyny, is then calculated by using
K, and (3; auxiliary data. This is implicitly a thermodynamic cycle from equilibrium (12a) to equilibrium (12).

For temperature influence we rather used

:NpO3 +HCO; +2 CO;” < NpO,(CO3);” + ;HT (12b)
equilibrium, because [HCO;] and [CO;] did not vary with temperature in each set of experiments (their
derivative with T is zero), while pH (as 1gK;) did vary with T. Using the above approximations, equilibrium
(12b) corresponds to

1gKanp ~ 1g(GKuny, EC3 /(Bs K))) - 1g[HCO57] - 2 1g[CO5™] (11b)
Temperature influence on equilibrium constant was interpreted [4] with series expansion

R InK(T,I) ~ R InK(T®,I) - AH(T®,I) A(1/T) + T°* AC,(T°,I) (A(1/T))*/ 2 (13)
where A(1/T) = 1/T - 1/T°, and T° = 298.15 K. Heat capacity contribution was neglected, this is equivalent to

the Van't Hoff equation

olgK

AH =-R1Inl0 (14)

— | —
-5
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Parameters needed for I corrections at T#T° are poorly known, using AH minimises the corresponding

uncertainty [4]. Deriving Eq.(11b) gives

OlgK
AHGKi/(Bs K1)=- R In10 | £ (15)

o—

T /p
where Kg, 1s Kanp, and AHGKun/(Bs Ki)) = AHj, is the enthalpy reaction (Eq.12b), both in chemical conditions
where approximations leading to Eq.(11b) are valid, and for a set of experiments where [HCO5] and [CO5”] did
not vary with T (corresponding to -lg[H'] = h at 25°C). Hence (Eq.15)

AHy ~ AH(Kuny) - AH(K,) - AH(5) (15a)
This is an approximation since partial dissociation of the Np(V) limiting complex, and partial deprotonation of

site 3 are neglected in Eq.(15a). Actually the more general equation (also valid in other chemical conditions)

AH, = AHGKuny) - y AH(K) - x AH(B3) - (1 - x) AH(B;) +(1 - y) AHGKNwm) (16)

was used where x = [NpO,(CO5);” 1/ [Npli= 1/ (1 +1/k; [CO5™ 1), ks =Bs/Bo, y=[3H" 1/ CE=1/(1 + :Kna
[Na']/[H']). x was constant in a set of experiments, (1 - y) variations with T, were small. The systematic error
of 0.09 and -0.11 for -Ig[H'] = 8.76 and 9.53 respectively during Np(V) migration study (see Experimental
Section) induces an error on lg(;Kyx,) determination, which in turn induces -4.5 and 2.7 kJ .mol™” shifts on
AH(5Kyp) determinations (Eq.16).

Results and interpretation

The curve representing the 1gKqc, vs. -Ig[H'] shows two plateaux; a third one is not reached (Fig.1). Each
plateau corresponds to one sorption site saturated by Na'. Its height (P; in Fig.1) is given (Eq.7a) by the
exchange capacity (CE;), [Na‘] (constant in this study) and the Na"/Ca®" exchange constant (;Kyc,). Before the
i"™ plateau, the site i is saturated by H' and 1g(;Kqc,) vs. -1g[H'] has a slope of 2 (Eq.7b). Front position (pH; on
Fig.1) is given by [Na'] and ;Knan (Eq.7¢). Calcium sorption was modelled with three sorption sites. Kyyy and
Kuca values (Table 2) were then deduced by using were determined by curve fitting Eq.(7), CE; was
independently known [3]. Protonation of site 1 was hardly detected, and ;Ky,u could not be estimated
accurately. Saturation of site 3 by Na" cation, could only be obtained at high pH where clay could be altered.
For this reason uncertainties on ;Ky.c, and ;Ky.u were increased. Uncertainty on ,Ky,n was quite important for
unexplained reason. The data on Na'/H" exchange were too scattered to detect temperature influence and this is

reflected on pH; position (Fig.1), and on uncertainty attributed to AH values (Table 2). Ca*" sorption on site 2
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slightly increases with temperature, while on site I, Ca*" sorption is not temperature dependent within
experimental uncertainty. The values of the (dimensionless) ;Ky.n and ;Ky,u constants are much bigger than 1,
which indicates H' is more strongly bounded on sites 2 and 3 than Na'. While H' interaction with site 1 is
hardly detected (pH; is not detected on Fig.1) and ;Ky,u value could not be measured: this is consistent with a
Kxon value of about 1, and (Na” or H") ion pairing with site 1. Determinations of the corresponding AH(Kyan)
values are not accurate enough to confirm or not these interpretations.

Ca*’ sorption on site 1 is again weaker than on site 2, and AH(,Kyaca) = 1246 kJ .mol.”! seems to be
consistent with stronger interaction of Ca*" than Na': it is of the order of magnitude of enthalpy of reaction in
aqueous solutions involving chemical bound (and not only ion pairing).

In 1 M NaClOy, 0.2 M total carbonate concentration media, the curve 1gKd® (= 1gKgnp0,t) Vs. -lg[H']
has a slope of +1 for -Ig[H'] < 10.5, beyond the slope decreases (Fig.2). Np(V) sorption is then interpreted
(Eq.11) as a simple H/NpO," ionic exchange (Eq.12). In pH conditions used in this Np(V) study, sites 1 and 2
were clearly saturated by Na’, hence H'/NpO, ionic exchange can only be attributed to a third site
corresponding to 1gKuc, increase at -lg[H'] > 10 on Fig.1. H" from the third site of the clayey material is
exchanged with aqueous NpO," although it is not the Np(V) main species in solution. This interpretation is
quite straightforward because we have used 1gKq° (Eq.9 and 11). This is a way to eliminate the coupling of
Np(V) aqueous speciation, that is independently known (and calculated), and that explains the shape of the raw
1gK4 curve (Fig.2). Typically for -Ig[H'] ~ 9.2 the approximations leading to Eq.(11a) are valid, and a slope of
about -2 is indeed observed for the experimental results. In other chemical conditions other approximations are
used taking into account the changes of Np(V) and carbonate aqueous speciation, and eventually Na'/H"
exchange on site 3. The main Np(V) carbonate aqueous complex containing the NpO," cation exchanged for H"
(or eventually Na"), is written on Fig.2 together with the compensating anion (HCO; or CO5”) in each pH
domain and the slope of 1gKay, vs. -Ig[H']. Each point of the upper curve, 1gK4°, was deduced from a point of
the lower curve, 1gKqn,, by a vertical translation of lgo (Eq.9), which is calculated (Eq.10) from known
parameters (Table 1) and chemical conditions: Figure 2 shows the dramatic effect of aqueous speciation on the
shape of IgKy curve as compared to the H'/NpO, " ionic exchange process (1gKq° curve). Series of experiments
at three different -1g[H'] (8.76, 9.53 and 10.63, values at 25°C) have been performed at 5 to 45°C (Fig.2 and 3).
As for Ca®", temperature influence on Np(V) migration is small. 1gK4° nearly fall on a single line while 1gKy

ones are not: temperature influence is more important on aqueous speciation, than on the H/NpO," ionic
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exchange process. Aqueous speciation contribution to AHy is (Eq.16) indeed more important than the
contribution of ionic exchange reaction, AH(:Kyn,). Typically AHg 76 = -4.6+7.2 k] mol™” and AHys; = 0.5+1.8
kJ.mol" were measured (Fig.3), while AH(K;) = 14.7+0.3 kJ.mol™ is balanced (in Eq.16) by AH(B;) ~ -15.1+1
kJ.mol (Table 1). From AHg 7 and AHgs3, AHGKuny) ~ -5.5£7.3 and -2.1£2.5 kJ .mol” are deduced (Eq.16)
where uncertainty is 1.96 standard deviation. Taking into account the +4.5 and -2.7 kJ.mol™ shifts induced by
the pH measurements (see Section treatment of data), these two values are closer and in agreement with
AHGKpnp) 244 kI obtained by using the Van't Hoff equation on 3Ky, determined (Table2) at each
temperature (from the three K4 measurements performed at each temperature). The most accurate AH(GK )
determination,

AH(GK ) = 244 kJ.mol”
is the one obtained from AHg 3, because uncertainty due to pH measurement is smaller and systematic error
cancels since the same buffering HCO;™ and CO;* concentrations in the same column, were used in a set of
experiments at 5 to 45°C. AHGGKuny) = -2+3 kJ .mol" value indicates H" and NpO," interactions with site 3 have
similar energy.

Finally cationic exchange equilibria on clayey material from aqueous solutions at fixed Na
concentration, could be described by using the mass action law for ideal systems. The equilibrium constants
(Table 1) for ions of same charge are dimensionless and their relative values can then be used to compare their
relative affinity for the third site of the Fo-Ca-7 clayey mineral: H" > NpO," >> Na'. This suggests that Na"
weak interaction to this third site could be of ion-pairing type, while H" and NpO, " much stronger interaction to
the third site would rather be similar to chemical bounding.

Let us point out that temperature influence on ionic exchange equilibrium constant is usually smaller
than many possible systematic errors and than temperature influence on auxiliary data used in thermodynamic
cycles. Reliable data could only be obtained by using the same column and the same eluting solution that was
buffered, to cancel some of the systematic errors. Reasonable accuracy might alternatively be obtained by using
temperature gradient.

Notations

EC; exchange capacity of the site i (meq/100g), in the theoretical formula, SI units (eq/kg) are used
Kq, Kgx  distribution coefficient (ml/g) (it is equivalent to the SI units, I/kg) of element X sorbed on site i
Kax distribution coefficient (ml/g) of element X, X=Np or Ca

K4° NpO," distribution coefficient (ml/g) (Eq.9) on site 3
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Kan Kanp for a set of experiments where [HCO;'] and [CO5™] did not vary with T (-Ig[H"] = h at 25°C)
M clay mass (g)

v, pore volume (ml)

Vi retention volume (ml)

[ X* species X sorbed on site i

[ X**] concentration of X sorbed at the solid surface (mol/kg)

[X] concentration of X in aqueous solution (mol/1)

AH(K) enthalpy change corresponding to the equilibrium constant, K (Eq.13 and 14)

AHy, enthalpy change measured at -Ig[H'] = h (Eq.16)
References
[1] Villermaux J., (1982), Génie de la réaction chimique : conception et fonctionnement des réacteurs,

401pp., Lavoisier Tec-Doc, Paris.

[2] Lefévre F., Sardin M., Vitorge P., Migration of *Ca and *’Sr in a clayey and calcareous sand:
calculation of distribution coefficients by ion exchange theory and validation by column experiments. Journal
of Contaminant Hydrology 21,1/4, 175-188 (1996).

[3] André C., Transport de Np(V) en milieu poreux argileux : étude du couplage entre la chimie en
solution, la sorption et 'écoulement. Thése INPL-Nancy (France), September 15 (1997).

[4] Capdevila H., Vitorge P., Redox Potentials of PuO2>*/PuO3" and Pu*/Pu’" at Different Ionic Strengths
and Temperatures. Entropy and Heat Capacity. Radiochim. Acta 68, 51-62 (1995). Note CEA-N-2762 (1994).
Note CEA-N-2737 (1993).

[5] SilvaR.J., Bidoglio G.,, Rand M.H., Robouch P.B., Wanner H., Puigdomenechl., Chemical
Thermodynamics of americium. Amsterdam Elsevier Science Publisher, 1995.

[6] Clark, D.L., Conradson, S.D., Ekberg, S.A., Hess, N.J., Janecky, D.R., Neu, M.P., Palmer, P.D., Tait,
C.D. Amulti-method approach to actinide speciation applied to pentavalent neptunium carbonate
complexation JNew J. Chem., 20 (1996) 211-220.

[7] Weast R., Handbook of chemistry and physics. 62™ Edition 1981-1982; CRC Press.

[8] Vitorge P., Np(V) et Np(VI) en milieu bicarbonate / carbonate. CEA-R (1998) in press.

[9] Grenthe 1., Plyasunov A.V., Spahiu K. Estimation of medium effects on thermodynamic data. In
Modelling in Aquatic Chemistry 325-426 edited by GRENTHE 1. and PUIGDOMENESCH. 1., OECD-AEN
(1997) Paris.

[10] Maya, L. Hydrolysis and carbonate complexation of dioxoneptunium(V) in 1.0 M NaClO, at 25°C,



Christine André, Pierre Vitorge, Michel Sardin, Marie-Héléne Fauré, Temperature influence on ionic exchanges on clayey... 10/14

Inorg. Chem., 22 (1983) 2093-2095.
[11]  Lierse, Ch., Treiber, W., Kim, J.I. Hydrolysis reactions of neptunium(V), Radiochim. Acta, 38 (1985)
27-28.
Captions to the figures
Figure 1: IgK,c, values at different temperatures measured by column experiments with Fo-Ca-7 clayey
mineral and 1 M NaClO, aqueous solutions. The curves were drawn by using the ion exchange theory (mass
action law for ideal system) with three sorption sites (Eq.7), the numerical values of the exchange capacities,
EC;, and of the constants at 25°C, 1g(;Knan) and 1g(;Knawca), given in Table 1. Each plateau, P; (Eq.7a), and
"front", slope 2 and pH; (Eq.7b and ¢), is interpreted as evidence of a sorption site (see text).
Figure 2 : Np(V) and NpO," distribution coefficients, K.y, (squares) and K° (circles) respectively, with Fo-
Ca-7 clayey mineral and 1 M Na’, [COs]; = 0.2 M, CIO, aqueous solution. The slope +1 (upper curve) for
1gK4° (at -Ig[H'] < 10.5), is interpreted as ionic exchange between H" and NpO," (Eq.11). 1gK4° is calculated as
lg o + 1gKany (Eq.9), where Kqy, is measured by column experiments, and o is Np(V) complexation coefficient
(Eq.10). Hence each 1gK4° point is translated vertically by lgo from the corresponding 1gKax, one. For 1gKanp,
the slopes are due to the aqueous speciation(a) and eventually Na'/H" exchange on site 3 of the clay (as written
on the figure). Lines are calculated with equilibrium constants of Tables 1 and 2. Data (+, x) at 25°C were taken
from various experiments in different columns, while the other ones (at 5 to 15°C) were obtained from 3 series
in the same column (where -Ig[H'] = 8.76+0.10, 9.53£0.12 and 10.63+0.21, values at 25°C) using the same
eluting solution for each series. Only the data for these three series were used for curve fitting.
Fig.3: Temperature influence on 1gK,y, values for -Ig[H'] = 8.76+0.10, 9.53+0.12 and 10.63+0.21. The
experimental data are taken from Fig.2. The slopes (lines) are used (Eq.15) to calculate AHy, corresponding
approximately to reaction (12.b). AHGKun,) was then calculated (Eq.16) from AH,, AH(B;) and AH(K,)

(Table 2).
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K definition medium 1gK(5°C) 1gK(15°C) 1gK(25°C) 1gK(35°C) 1gK(45°C) AH(25°C)
K, = [H'][OH]/an,o [=0 [14.704+0.014 -14.340+0.014 -14.001 +0.014 -13.684+0.014 -13.386+0.014 [55.815+ 0.05,
1 M [NaClO,]® |-14.55,+0.035  -14.18,+0.02, -13.833+0.02, -13.51 -13.22 55.82 % 0.05,
1 M [NaClO4]® [-14.59 -14.19 -13.83 -13.51 -13.22
K, = [H'] [HCO51/ (Pco, an,0) 1=0 -7.82¢ + 0.02
1 M [NaClO,]® -7.62, + 0.03¢
K, =[H][COs*]/[HCO;] [=0 [1051,£0.02 -10.4153+0.02 -10.32,%£0.02 -10.245+0.02 -10.16;+0.02 [14.7+0.3
1 M [NaClO4]® :9.79¢ + 0.05,  -9.660+0.05  -9.59,+0.04g 9.49¢+0.049  -9.40,+0.05, [14.7,%0.3,
Ky, = [H'] [HCO;7/ ([COxag)] + [H2CO3aq)]) =0 6.35, + 0.02
1 M [NaClO4]® -6.144 + 0.03,
B = [NpO,CO5]/ ([NpO,1 [CO5™T) [=0 [5.145+0.049  5.045+0.049 4.94,+0.04) 4.85+0.04g 4.773+0.049 |-15.9, 0.5,
1 M [NaClO,]® W.78,+0.27,  4.67,£020  4.56,+0.17, 4.46,+020  436,+027, |15.8;+0.5,
1 M [NaClO,]® 4.5,+0.3;
B, = [NpO5(CO5),”1/ (INpO,'] [CO:*T) I1=0 6.71;£0.19,  6.61,£0.19, 6.51;£0.19, 642,+0.19, 634,+0.19, |[-15.5,% 0.5,
1 M [NaClO,]® [7.2¢,+ 035, 71220279 7052025 692029  680+033  |[-15.45%0.5,
1 M [NaClO,]® 7.05£0.2,
B3 = [NpO,(CO5);”]/ (INpO,'] [CO5*T) [=0 [5.67,£0.16s  557,£0.16, 547,+0.16, 539,+0.16, 531,+0.16, |[152,+ 1.0,
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1 M [NaClO4]® [8.8,5 + 0.3 8746+£031,  8.655+t02  8.655+£03,  8.60% 0.3 11514 £ 1.05
1 M [NaClO,]© 8.5,+ 0.4,
"B = [NpO.OHq)] [H']/ ([NpO, T an,0) 1 M [NaClO,]*" -11.7+0.9 -11.7 £ 0.6,

"B> = [NpO»(OH), ] [H']*/ ([NpO,] a 1 M [NaClO,]*"

2
H20)

-23.1,+£ 1.0 -23.11 £ 0.05

*Bzz = [NpOz(OH)z(CO3)25'] [H+]2/

(INpO,'] [CO5™ T 1 M [NaClO4]®

2
aHzO)

-22.3, £ 1.6

-18.15+1.42

@Calculated by using the SIT formula, excepted for ‘B;, and used in the present work.
®Calculated from values at I = 0 taken from Ref.[7].
©Calculated in Ref.[8] from published measurements in 1 M [NaClO,].

@Pyblished measurements in 1 M [NaClO,], were uncertainty has been re-evaluated [8].

Table 1: Aquatic chemistry constants at 25°C in molar unit. Np(V) data were obtained from our literature critical review [8]. Equilibrium constants for other systems
are calculated in 1 M [NaClO4] medium by using the SIT [5,9], from data at [ = 0 [5]. For comparison, selected experimental data in 1 M NaClO4 medium for Np(V)
carbonate [10] and hydroxide [11] complexes are tabulated as recalculated in our review [8]. For K,, and K, corresponding AH (kJ.mol.™) of reaction are calculated from
standard (I = 0) enthalpy of formation [5], and then calculated at I = 1 M by using the SIT formula [4]. For Np(V) constants, similar AH calculations are performed from
original data [6] measured at [ = 0.1 M.. Temperature influence on SIT coefficient, Ae, was neglected. For this approximation, uncertainty on Ae/AT have been arbitrary

increased by 0.001 kg.mol." K™ for K,, and K;, and by 0.01 kg.mol.".K"" for Np(V) carbonate complexes. Heat capacity contribution was neglected when calculating

(Eq.13) temperature influence on equilibrium constants.
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Constant|  1gK(5°C) 1gK(15°C) 1gK(25°C) 1gK(35°C) 1gK(45°C) 1gK®® AH® AG® AS®

(kJ.mol.™) (kJ.mol.™) (J.K".mol.™)
Knwca? | 091 £ 015 078+ 0.15 0.84+ 0.15 084+ 0.15 089+ 0.15 | 0.85+ 0.1 2 £ 6 48+ 09 17 £ 20
Kywea™| 3.5, + 030 358+ 015 3.6, + 020 3.8, + 035 3.7, + 0.4 3.66 £ 0.1 12 £ 6 209+ 09 112 + 20
Knwe”| 3.7, + 0.4 37, £ 04 44; £ 04 4.0, + 0.4 4.15s + 0.4 40 + 03, 17 + 50 23, + 25 136 +170°
K@ | 7.5, £ 0.5 6.9, + 05 7.5 £ 0.5 74, + 0.5 71, £ 0.5 7.24 + 0.2 6 + 31 413+ 1.1 120 +100°
Ko 106 £ 05 105 +05 104 +05 105 +05 108 +05 10.6 + 0.4 6 + 15¢ -605+ 2, 224 + 51©
Kiny' | 2.2 + 0.4 2.1, £ 04 21, £ 04 2.1; + 04 2.1, + 0.4 215 + 0.3 2 + 4 12+ 25 33 + 34
3KH/Np(C’d) 2 t+ 4

@constants at 25°C, determined from experimental data at 5 to 45°C, by using Van't Hoff equation (Eq.13 neglecting heat capacity contribution).

®) K na/ca unit is (kg/1).

© Ky and Ky are dimensionless.

@preferred value determined from Fig.3 to minimise error from pH measurement (see text).

©1gK determinations were not accurate enough to detect temperature influence, hence corresponding AH and AS values could not really be determined.

Table 2: Thermodynamic data for ionic exchange equilibria as determined in the present work in 1 M NaClO, media from the experimental data shown in Fig.1 and 2.
The most reliable values are bolded. Enthalpies of reactions (mean value about 25°C) are calculated by using series expansions (Eq.13 and 14), from experimental data
shown in Fig.1 for Na"/Ca*" and Na"/H" exchanges, and similarly for H/NpO," exchange. AG = -R T° InK and AS = (AH - AG) / 298.15 are also tabulated, where K is the
value at 25°C obtained by linear regression from data at 5 to 45°C (footnote™). Ionic exchange capacities, EC; = 61, 6 and 8 meq/100g for site i (i = 1, 2 and 3

respectively) are taken from [3].
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