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Abstract

As mechanistic modeling becomes more feasible, surface complexation modeling was applied to actinide sorption
reactions with the edge-surface hydroxyl groups of montmorillinite contained in bentonite, which is a potential buffer
material for radwaste disposal. The determined surface properties of Japanese bentonite samples suggested possible
interactions between positively charged surface sites and anionic Np(V) species in alkaline pH region under high inorganic
carbon concentration conditions. The interfacial capacitance density affected determination of the bentonite surface
parameters and the Np(V) surface complexation constants. The valence of the aqueous sorbing species was clarified to be
useful in determining surface complexation constants of actinide sorption. © 1997 Elsevier Science B.V.

1. Introduction

Bentonite is a potential candidate for buffer materials
used in ground /geological disposal of radioactive wastes.
Sorption of radionuclides onto bentonite plays an impor-
tant role in retarding radionuclide migration. Surface com-
plexation modeling technique was used to mechanistically
interpret actinide sorption behaviors affected by solution
conditions, i.e., pH etc. [1-10]. The technique has been
applied to simple materials such as iron oxides/hydrox-
ides [1-6,11]. However, bentonite has not been sufficiently
studied, though its main clay mineral, i.e., montmorillonite
has edge-surface hydroxyl groups contributing the surface
complexation. The edge-surface hydroxyl groups existing
at the surface of the pore in compacted bentonite sorb
actinide by the surface complexation and thus the model-
ing approach can be applied also to the buffer with high
density by taking into account the characteristics of the
pore water, such as high ionic strength. The technique
involves arbitrary selection of surface complexation reac-
tions and determination process for equilibrium reaction
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constants. Efforts should, therefore, be made to solve these
problems as it is normally difficult to directly determine an
equilibrium constant of a certain surface complexation
reaction existing in mixtures such as Np(V) solution in the
presence of carbonate ions.

In this study, bentonite surface properties which are
important to surface complexation modeling are described.
The effect of interfacial capacitance density, which defines
charge—potential relationship at the bentonite surface, on
the determination of surface complexation constants can be
simulated using literature data of Np(V) sorption onto
bentonite and a computer code GESPER [8]. The correla-
tion of surface complexation constants and the valence of
sorbing species are discussed to help determine the con-
stants in the model calculation by referring to the previ-
ously determined surface complexation data of actinides
for bentonite and hydrous ferric oxides.

2. Description of the sorption model
2.1. Constant capacitance model

A constant capacitance model [12] was used to describe
the linear charge—potential relationship of the bentonite
surface when considering actinide interaction with the
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surface. An interfacial capacitance density is a constant of
the relationship, which is an adjustable model parameter:

o=Gy, (1)
where o is surface charge density (C/m?), G is interfa-
cial capacitance density (F/m?) and ¢ is surface potential
(V). The details of the model are discussed elsewhere [12].
A brief description of mass action expressions of surface
complexations is given below.

For surface proton association and dissociation reac-
tions, and the surface complexation of only charged species,
the following general equations are defined:

SOH,, + H*=SOH},,, (2
SOH,,, = SO;, + H*, 3)
SOH,, + H*+ A"~ = SOH, A%, D, 4)
SOH,, + C"*=S0C{, " + H”, )

where SOH is a hydroxyl site bound to an ion, S, in the
bentonite and (s) represents the species existing on solid
surface, C"* and A™ are ionic species. Equilibrium
constants of Eqgs. (2)—(5) are

. (6)
T [SOHJ[H] ’
sog, |[H*
= %ﬁé)]]exp[ ~Fy/RT], )
[soH,A¢ D~
K;= exp[ — (m — 1) Fy/RT],

" [SOH,][H* ][A""]
)

~ [soce " [H*]

K;= [SOH( )][Cn+] eXp[(n—I)F(///R'T], ©)

where K, and K_ are proton association/dissociation
constants, respectively, K; is a surface complexation equi-
librium constant for species i, R is an universal gas
constant and T is absolute temperature (K).

Charged neptunyl species which are predominant in the
bentonite suspension [7] were assumed to be sorbed on the
edge-surface hydroxyl groups of monmorillonite with K,
in parenthesis: SONpO, (K,), SOH,NpO,CO; (K,),
SOH,NpO,(CO;)3~ (K;), and SOH,NpO,(CO,);"
(K,). Also surface complexations of carbonate ions are
taken into account: SOH,CO; (K,) and SOH,HCO,
(K,).

2.2. Surface property determination

Acid-base titration was carried out to determine the
surface properties of various Japanese bentonite samples
(see Table 1), ie., K,, K_, and surface site density, N,
(mol /g) in a similar manner described by Fujita et al. [10].
FITEQL [13] was used to fit the parameters to the titration
data. The value of G was basically fixed at 1.06 F/m>
[14] and was parametrically changed for the Kunipia-F®
sample. Specific surface area was determined by the glyc-
erol and /or the BET methods.

2.3. Thermodynamic database
The thermodynamic data of Np(V) aqueous complexes

and of carbonate ions used in the modeling study has been
compiled by Fujita et al. [10]. Only the reactions of Np(V)

Table 1
Survey of surface properties for various bentonite and clay minerals
Solid phase Temp. SSA? N, log K, logK_ G(F/m?) ZPC" Supporting Comments
(§(®) (m%/g)  (107° mol/g) electrolyte
KUNIPIA-F 26 5665 7.7 94 —10.4 2.0 9.9 0.0l MNaCl  Seec Fig. 1.
Hoyo Bentonite 25 384%L 19.7 9.1 -93 1.84 9.15  0.01 MNaCl This work
KUNIBOND 25 1128 19.5 7.8 -91 1.06 8.5 0.01 M NaCl  This work
KUNIBOND 25 2426L 19.8 7.7 -93 1.06 8.5 0.01 MNaCl  This work
SMECTON 25 5236L 73.4 7.7 -89 1.06 8.3 0.01 MNaCl  This work
CLAY-No. 1 ¢ 25 7906 16.4 93 —-10.3 - 938 0.01 MNaCl  This work
SUPERCLAY ¢ 26 3506L 8.0 7.8 —8.6 - 8.2 0.01 MNaCl  This work
KUNIPIA-F 25 5665 18.8 9.6 —114 0.15 10.5 0.01 MNaCl  Ref. [7]
KUNIPIA-F 26 56651 7.8 93 ~103 1.06 9.8 0.0l MNaCl  Ref. [8].
KUNIGEL-V1 25 7605 - - - - - 0.0l MNaCl  Ref. [7].
Montmorillonite ~ — 18.6% - 9.87 —-1073 106 10.3 - Ref. [17].
Tlite - 11.8® - 10.77 -10.08  1.06 10.4 - Ref. [17]).
Kaolinite - 8.18 - 7.30 -10.38  1.06 8.8 - Ref. [17].

* Specific surface area. Superscripts ‘GL’ and ‘B’ mean data by the glycerol and the BET methods.

® Calculated using the relationship: ZPC = 0.5(log K, —log K_).

¢ A method using Langmuir type plotting [7] was used in the surface parameter determination.



M. Tsukamoto et al. / Journal of Nuclear Materials 248 (1997) 333-337 335

with hydroxyl and carbonates ions were considered. Reac-
tions with other anions such as nitrate, sulfate and perchlo-
rate are assumed to be negligible [7].

2.4. Determination of Np surface complexation equilibrium
constants

The equilibrium constants of Np(V) surface complexa-
tion reactions, K,-K,, were chosen with the following
assumptions: (1) interaction between charged sites and
charged species due to electrostatic attraction are assumed
considering larger constant values with higher charge; (2)
species with larger hydrated ion radius have smaller con-
stant values because of the interference of sorption due to
collision with neighboring outer-sphere surface complex;
(3) coordination numbers have no effect on the size of
species [15]. The third is not important since the hydrated
Np(V) species are considered to have similar radii when
calculated by the Stokes—Einstein equation [16] and the
radius of the ions in the composition [15]. Constants K
and K, were referred from literature data [8] and fixed.
The effect of inorganic carbon concentration on Np(V)
sorption and chemical speciation was assigned from ob-
served data [7]. GESPER [8] was used to solve the non-lin-
ear simultaneous equations and corresponding mass bal-
ance equations. Details of the calculation are shown else-
where [7,8].

3. Results and discussions
3.1. Surface charge development

The determined bentonite surface properties are sum-
marized in Table 1 which includes literature data for
constant capacitance model. Bentonite samples have ZPC
(zero point of charge) of the range 8—10, showing similar
log K, and log K_ values as montmorillonite [17].
Among oxides of ions composing montmorillonite, Al,O,
{18] gives a similar ZPC to that of bentonite. The ZPC
values for SiO, and ion oxides /hydroxides [18] are lower.
This may indicate that of the edge-surface hydroxyl groups
found on clay mineral surfaces, i.e., silanol and aluminol
groups, the characteristics of the latter appear in the sam-
ples in this study. Fig. 1 plots the obtained parameters for
the titration data (25°C) of Kunipia-F® with various G.
The parameters vary drastically with G below 0.5 F/m?,
though the absolute change of N, is not large. The ten-
dency for surface parameters to be insensitive to larger G
than about 1 F/m? is also found in oxide mineral titration
data [19].

Fig. 2 shows the distribution of surface sites calculated
using the parameters [8] for the Kunipia-F® with G of
1.06 F/m?, which is an optimal value for Al,0, [14]. The
effective concentration of protonated surface sites SOH;
decreases with the pH increases. The ratio of effective
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Fig. 1. Log K, log K_, and N, vs. G by FITEQL calculations
for the pH titration data (25°C) of Kunipia-F®.

concentrations of SOHJ and SO~ is unitary at ZPC and is
about 1077 at the pH of 12. Chemical speciation calcula-
tion of Np(V) in the bentonite suspensions [7] indicated
that the concentrations of anionic Np(V) carbonate species
are predominant in alkaline pH region, where the concen-
tration of cationic NpO, decreases as the pH increases.
These data suggest that the interaction with large K be-
tween anionic Np(V) carbonate species and the SOHZ
surface sites exceeds that between NpO; and the SO~
sites under this experimental condition [7] and support the
surface complexation reactions selected in the previous
studies [7-10].

3.2. The effect of interfacial capacitance on simulation of
the Np(V) sorption behavior

The model was applied to the observed data [7] of
Np(V) sorption onto bentonite with the range of G 0.2 and
5 F/m? using the corresponding surface parameters (see
Fig. 1). First the K values for the case with G of 1.06
F/m? [8] were applied to the all G cases. Fig. 3 shows
slightly different shapes for the sorption envelopes and the
extent of the winding is larger when the G differs more
from 1.06 F/m? This tendency is obvious from Egs. (1),

Effective concentration (M)
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fogk, 93, logk 103 TN
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10°% —L— ' »
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Fig. 2. Distribution of the surface sites calculated using the
parameters for Kunipia-F® with G of 1.06 F/ m?.
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Fig. 3. Calculated Np(V) sorption behaviors onto Kunigel-V1®
bentonite using surface parameters for various G in Fig. 1. A
unique set of log K; was used.

(8) and (9) that sorption of highly charged complexes is
easily affected by G.

The Np(V) surface complexation constant K as it fits
the observed sorption data is tabulated in Table 2. The
value comparison for various G with those for 1.06 F /m?
[8] indicates that the sensitivity of G to K is larger in
higher valence species, in particular, in the case with G of
0.2 F/m?. Simulating the observed data of Np(V) sorption
onto the bentonite using surface parameter sets for various
G required slight modification of K of Np(V) surface
complexation reactions.

3.3. Tendency of determined surface complexation con-
stants

The correlation between surface complexation con-
stants and the valence of sorbing aqueous complexes was
examined. To obtain equilibrium reaction constants be-
tween charged surface sites and aqueous species, the deter-
mined log K; were converted using the following equa-
tion:

log K, —log K, = log K©, (10)
Table 2
Surface complexation constants (log K ;) determined for various G
G (F/m?)
02 05 0.8 1.06* 5.0
SONpO, -15 —-070 —-060 -060 -045
SOH,NpO,CO;, 16.1 16.6 16.7 16.8 17.0
SOH,NpO,(CO,)3~ 206 199 19.8 19.7 19.5
SOH,NpO,(CO,)3~ 253 233 22.8 226 221
SOH,CO; ° 18.8
SOH,HCO, ® 15.2
* Ref. [8].

b o .
Fixed to the values in the reference.
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Fig. 4. Relationship between log K SC of various actinides sorp-
tion onto bentonite/iron mineral samples and valence of the
corresponding aqueous species.

where K>C is an equilibrium reaction constants between
protonated surface site (SOHJ ) and anionic species. Simi-
lar equations is obtained for the sorption of cationic species
and deprotonated site (SO™) by substituting log K, for
log K_ in Eq. (6).

Fig. 4 is a plot of log K¢ of actinides for bentonite
[8,9,20) and of hydrous ferric oxides [2-4.6] calculated
using Eq. (6) with the corresponding aqueous complexa-
tion constants complied in Ref. [7] and log K, /log K_ in
the literature. The plot shows a positive relationship with
the valence of the aqueous complexes considered as sorb-
ing species. This may indicate that the assumptions de-
scribed above were adequate and that electrostatic charge
of sorbing aqueous species is important. The tendency is
useful in determining surface complexation constants of
actinide sorption onto buffer materials as well as the
relationship between surface complexation constants and
aqueous complexation constants [7,18], and the systematics
of surface complexation constants among various solids
[18].

4. Conclusion

The surface properties of bentonite samples suggested
the possible interaction of positively charged surface site
and anionic species in liquid phase, supporting the sorption
reactions selected in the previous studies [7-10]. Interfa-
cial capacitance density affected in both the determination
of surface parameter sets for the bentonite and surface
complexation constants reproducing the Np sorption be-
havior. The valence of sorbing ionic species gives useful
information in determining surface complexation con-
stants. Such the systematic approach is important in find-
ing a unique set of the constants.
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