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Introduction

Aqueous corrosion of nuclear waste glasses induces the formation of a gel layer
enriched in hydrolysable elements. To assess the role of such layers on the migration of Np(V)
from repositories to environment, and determine the retention mechanisms, experiments have
been undertaken on synthetic pure silica and on ferrisilicate gels as model solids. Experiments
have also been conducted on an alteration silicate gel, formed by lixiviation of
aluminoborosilicate glasses, and used as a surrogate to the gel layers formed by alteration of
nuclear glasses.

Silicate gels are known to be strong scavengers for Np(V) (Paulus et al., 1992).
However, so far, no detailed and systematic studies appear to have been devoted to the
influence of solution parameters and gel composition on the sorption of Np(V) on silicate gels.
In this work, the fractional uptake of Np(V) on a synthetic pure silica gel and on synthetic
ferrisilicate gels of controlled Si/Fe proportions (3 and 10) was measured at different ionic
strengths (0.5 to 0.01 M) and Np(V) concentration levels (=10"10 M and 10"6 M) with pH as
the main variable (3 to 10). The pH dependence of Np(V) sorption on the alteration gel was
also investigated for different initial concentrations of Np(V) in the aqueous phase (=10~10,
10"6 and 10° M). Batch experiments were carried out at 298 K under CO2-free conditions to
avoid the formation of Np(V) carbonate complexes in the solution. As a part of this work, the
charge characteristics of the gel surfaces were determined either by studying the retention of
the electrolyte ions as counterions to the surface charges, as a function of pH and ionic
strength of the solution contacted with gels, or by performing acid/base titrations of the
alteration gel suspensions.

1. Experimental procedures and material

1.1 Material

The silicate gels were synthesized using the following procedure. For the silica gel,
an aqueous solution of metasilicate (Na2SiC>3, 0.3 M) is progressively acidified by successive
additions of HC1 (3 N to 0.001 N). At near-neutral pH, a gelification of the solution is
observed after approximatively 15 mns. The ferrisilicate gels were prepared, using a similar
procedure, by mixing appropriate volumes of Na2SiC>3 and FeCb (0.3 M) solutions, in order to
obtain Si/Fe defined atomic ratios (10 and 3). After gelification, the gel is centrifuged. The
supernatant solution is then removed and the remaining gel is dried at 343 K during 24 h. The
dried gel powder is sieved and the granulometric fraction in the range 125-150 urn is chosen
for experiments. The gel powder is then repeatedly washed with ultrapure water in order to
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remove NaCl cristallites detected by X-ray diffraction analyses. The final gel powder is then
characterized by X-ray diffraction, infrared spectroscopy and chemical analyses. The sodium
and chloride contents of the synthetic gels used for experiments are given in Table 1.

Table 1 : Initial sodium and chloride contents of the synthetic gels.
Gel

Cl (umol/g)
Na (umol/g)

Silica
<2
18

Si/Fe=3
<2
21

Si/Fe=10
<2
32

The alteration gel is obtained by lixiviation of an aluminoborosilicate glass at 363 K.
The composition of the gel, in weight percent oxides, is : 37.9 % SiC»2, 6.0 % AI2O3, 5.4 %
Fe2C>3, 5.2 % CaO and 5.6 % Na2O for major component oxides. The gel is also very rich in
elements like Ba, Sr, Co, Cr, Zr, Mn, Mo, La, Ce, Pr and Nd.

1.2 Surface charge measurements

The surface charge characteristics of the synthetic gels were determined by studying
the retention of the electrolyte ions as counterions to the surface charges, as a function of pH
and ionic strength of the solution contacted with the gels. A known amount of silicate gel (0.1
g) is brought in contact with a 10 ml NaClO4 solution (0.1, 0.01 and 0.001 M) in 15-ml
polyethylene tubes. The initial pH is adjusted with standardized HCIO4 and NaOH solutions
in order to obtain final pH values in the range 3-10. The tubes are gently shaken at 298 K.
Maximum retention of electrolyte ions, as well as equilibrium pH, are measured after 1 h
contact time. After shaking, the tube is centrifuged (3000 t/mn) during 15 mn. A 1 ml sample
of supernatant solution is taken for chemical analyses, and a 4 ml sample is taken for final pH
measurement. The remaining solution is removed by aspiration and the tube is weighted and
dried to constant weight in order to determine the mass of occluded solution. After drying, the
silicate gel powder is taken for analyses of its sodium and perchlorate content. The retention
of sodium and perchlorate ions as counterions to the surface charge is calculated from the
chemical analyses of the final gel and of the supernatant solution. Indeed, the amount of
sodium or perchlorate ions remaining in the gel sample due to evaporation of the occluded
solution is substracted from the contents of the final gel.

The surface charge of the gel is defined as follows :

$c = Qv ~CNQ (1)

where Sc is the surface charge of the gel in mol /g and Ca and CNa are the contents
of perchlorate and sodium in mol/g of the gel, respectively (for convenience, negative values
are given to Sc, for a negatively charged surface).

The surface charge of the alteration gel of an aluminoborosilicate glass was studied
by performing potentiometric titrations of the gel suspensions. A programmable automatic
titrator that enabled an accurate dispensing of the titrant solution was used. The titrator is
placed in a glove box filled with nitrogen. The solid sample is introduced in an argon-purged
0.1 M NaClCu solution for 2 days prior to titrations. The temperature is maintained at 298K
and the sample is stirred continously. Standardized CC»2-free HCIO4 and NaOH solutions are
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added. Titrations are performed from the initial pH to pH 4 with acid, and then to pH 9 with
base. After each addition of acid or base, several minutes are needed to allow attainment of a
pseudo-equilibrium. Acid / base titrations of the background electrolyte solution (0.1 M
NaC104) were also performed at 298 K. The point of zero charge of the solid and the surface
charge of the gel, at a ionic strength of 0.1 M, are deduced from the potentiometric titrations
of the gel suspension and of the background electrolyte.

1.3 Np(V) sorption experiments

The inital concentrations of neptunium used in sorption experiments were obtained
using 239Np (T = 2.35 d) and/or 237Np (T = 2.14 . 106 y). The carrier free 239Np was selectively
extracted from its radioactive parent 243Am by ion exchange chromatography. The detailed
procedures for extraction of 239Np and preparation of the 237Np stock solution are reported by
Del Nero (1997, 1998).

The batch experiments were performed at 298 K using CC^-free NaC104 or NaNC>3
solutions placed in a glove box, where a continous flow of argon was maintained. Stock
solutions of NaClC>4 or NaNC>3 are prepared in the glove-box from chemicals reagent grade
and Milli-Q plus ultrapure water before the experiments. The solutions are used just after
additional bubbling with argon gas. A known amount of solid is transferred into a 15 ml
polyethylene tube. The solid is contacted with appropriate amounts of previously made CO2-
free NaClO4 or NaNC>3 solutions, and CC^-free NaOH or HCIO4 solutions in order to adjust
the ionic strength (I.S.), the pH and the solid concentration (R) to specified values (I.S. : 0.5,
0.1 or 0.01 M, R : 20, 10 or g/L, pH : 3 to 10). The tube is tightly sealed and placed in a glove
box under depression equipped with a CC^-trap system, in order to add a known amount of
237Np (or 237Np+239Np-) bearing 0.001 M HC1O4 solution (Np concentration : 10~10, 10"6 or 10"
3 M). The tube is sealed, placed in a water-jacketed reactor to maintain the temperature at 298
K, and gently shaken during a defined eqilibration period. The residual activity and the final
pH of the solution are measured after ultrafiltration (10000 Daltons). A 1 ml of the solution is
pipetted for y-counting, using a Ge-well detector (for 239Np : Ey = 99.6, 103.8 and 106.1 keV,
detection limit = 10"9 mol; for 237Np : EY = 87 keV, detection limit = 10"9 mol). The
percentage of Np(V) sorbed (%Npads) on the solid phase is calculated as follows :

(2)

where Aj-mal and Ajnj are final and initial neptunium activity concentration in

at time t. Blanl
walls (Del Nero, 1998).
Bq/cm3, at time t. Blank tests were also performed to evaluate potential losses of Np to tube

Kinetic experiments were also conducted to evaluate the time needed for (pseudo-)
equilibrium attaintment of the solid/solution sytems. Contact times were varied between one
hour to 15 days. Equilibrium is reached within a few hours for the synthetic gels, and a few
days for the alteration gel (Fig. 1). Experiments designed to measure the pH-dependence of
Np(V) sorption on gels were performed using contact times of 24 h and 5 days, for the
synthetic and alteration gels, respectively.
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Figure 1 : Percentage of 10"6 M Np(V) adsorbed on 4 g/L
alteration gel in 0.1 M NaNO3 solutions, at 298 K, as a function of
solid/solution contact time (final pH : 5.93 ±0.03)

2. Surface charge measurements

Measurements of the retention of Na+ ions indicate that the silica gel displays a pH-
dependent charge at pH values above ~ 5. No positive charge (CIO4" retention on surface)
was detected for pH values above 3. The global surface charge of the silica gel is reported in
Fig. 2 as a function of pH, for different values of the ionic strength of the solution.
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Figure 2 : Surface charge (in mol/g) of the silica gel in NaClC>4 solution,
reported as a function of pH. Surface charge is calculated from measurements of
electrolyte ions retention at gel surface (I.S. : ionic strength).

The results obtained for the silica gel are similar to those reported by previous studies
of counterion retention measurements on hydrous silica (Perrot, 1977). As for hydrous silica,
the pH-dependent negative charge of the silica gel surface arises from deprotonation of the
weakly acidic silanol groups. At high electrolyte concentrations, additional binding of
counterions may occur (Davis et al., 1978).
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The ferrisilicate gels display both a negative charge, within the pH range investigated
(3-10), and a low positive charge for pH values lower than ~ 7. The negative charge of these
gels increases as the pH, the ionic strength and the Si/Fe atomic ratio of the gel are increased.
The positive charge increases with a decrease of pH, a lowering of the Si/Fe atomic ratio of
the gel, and an increase of the ionic strength. The pH-dependent global surface charges are
shown in Fig. 3 and 4 for the gels having an Si/Fe atomic ratio of 10 and 3, respectively. For
the gel with a Si/Fe ratio of 10, the surface charge is negative and pH-dependent throughout
the pH range investigated. For the gel with a Si/Fe ratio of 3, the surface is positively charged
at low pH (pH<3.5) and negatively charged for pH values higher than 3.5.
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Figure 3 : Surface charge (in mol/g) of the ferrisilicate gel having a Si/Fe
ratio of 10, in 0.1, 0.01 and 0.001 NaC104 solutions, reported as a function of pH.
Surface charge is calculated from measurements of electrolyte ions retention at gel
surface.
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Figure 4 : Surface charge (in mol/g) of the ferrisilicate gel having a Si/Fe
ratio of 3, in NaC104 solutions, reported as a function of pH. Surface charge is
calculated from measurements of electrolyte ions retention at gel surface (I.S. :
ionic strength).
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The surface characteristics of the ferrisilicate gels may be interpreted on the basis of
structural models for amorphous aluminosilicate or clays, and of previous studies concerning
the role of hydroxy-iron species in determining silicate surface charge.

Structural models of amorphous aluminosilicate consider isomorphous substitutions
of tetrahedrally-coordinate Al for Si in a silica structure with a permanent charge which is
neutralized, at least partially, by a positively-charged phase composed of hydroxy-aluminium
species (Perrot, 1977). The negative charge below pH 6 has been attributed to such tetrahedral
substitutions in the silica lattice. The pH-dependence of the negative charge below pH 6, as
measured by Na+ counterion retention, has been suggested to arise from the release of initially
blocked permanent negative charge by protonation of the charge-balancing hydroxy-
aluminium species (Perrot, 1977).

Although to a lesser extent than for Al, isomorphous tetrahedral substitutions of Fe
for Si may occur in a silica structure, leading to a negative charge of the ferrisilicate gels for
pH values lower than 5. The pH-dependence of the negative charge of the gels at pH lower
than 5, as measured by Na+ retention, may also be due to the release of initially blocked
permanent charge by protonation of charge balancing hydroxy-iron species. Hydroxy-iron
species are indeed suggested to provide positive charges at low pH and to cause the pH-
dependence of negative charge of soil clays (Perrot, 1977).

The negative charge developed by the ferrisilicate gels for pH values higher than 6 is
due to the ionization of the silanol groups. Deprotonation of ferrinol groups may also
contribute to the negative charge at high pH values.

The pH-dependence of the surface charge of the alteration gel in 0.1 M NaNC>3
solutions, measured by potentiometric titrations, is reported in Fig. 5. The point of zero charge
of the alteration gel is found to be high and close to values reported for gibbsite or iron
oxihydroxides (Stumm, 1992 ; Del Nero, 1997).

3 4 5 6 7 8 9 10
Final pH

Figure 5 : Surface charge (in mol/g) of the alteration gel in 0.1 M
NaNO.i solutions, reported as a function of pH. Surface charge is calculated
from potentiometric titrations of background electrolyte and gel suspensions.
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3. Np(V) sorption experiments

3.1 Np(V) sorption on pure silica gel

Fig. 6 indicates the percentage of Np(V) adsorbed on the pure silica gel, under CO2-
free conditions, at different solid concentrations (10 and 20 g/L), initial Np(V) concentrations
(=10"10 and 10"6 M) and ionic strengths of the contacting NaClO4 solutions (0.1 and 0.01 M).
In all cases, the percent sorption is very low at acidic pH values (pH<6) and increases as pH
increases (adsorption edge). A decrease from 0.1 to 0.01 M of the background electrolyte
induces a slight increase of the percentage of Np(V) sorbed, due to an electrostatic
contribution to adsorption, arising from the charge of the gel surface.

10"6 M to
At a high ionic strength (0.1 M), a lowering of the initial Np(V) concentration from

10" M has no significant influence on the percentage of Np(V) sorbed. This
indicates that the same adsorption reactions and that only one type of monoenergetic sites
accounts for Np(V) uptake on the gel, within the concentration range investigated.
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Figure 6 : Percentage of Np(V) adsorbed at 298 K on silica gel in
COi-free NaClO4 solutions, reported as a function of pH (Np : initial Np(V)
concentration, I.S. : ionic strength). The solid curve is obtained using the
non-electrostatic surface complexation model (see text below).

The non-electrostatic surface complexation model (NEM) is used to describe the pH-
dependent adsorption of Np(V) on the silica gel, for an ionic strength of 0.1 M. The code used
is the speciation code EQUIL-DISSOL in which a non-electrostatic model has been
introduced. This program permits to calculate the distribution of aqueous and surface species
in mineral / solution systems, using a thermodynamic database for aqueous and surface
complexation reactions. The code can also be used to determine weighted average binding

constants at mineral surfaces (infrom experimental data, and the associated standard
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deviation (o ,o g / ,) . Activity coefficients are calculated from the extended Debye-Hiickel law.

The thermodynamic data used for hydrolysis reactions of neptunyl ions is that of Neck et al.
(1992).

In the NEM, the correction factor for the electrostatic contribution arising from the
charge of the solid surface is taken as unity. The choice of this model to simulate Np(V)
sorption on the silica gel at a high ionic strength is guided by the fact that, for trace elements,
specific sorption is indeed dominant when the salt content in water is high [ Degueldre et al.,
1994].

In modeling, we consider the deprotonation reaction of the surface silanol groups
(noted SOH):

SOHi H: (3)

With an associated conditional constant

K =
SOH

(4)

The surface mass balance equation for surface site is written :

(5)

where ST is the total surface site concentration in mol sites / g gel. The value of ST

is estimated to be equal to 5.10"4 mol sites / g on the basis of experiments of counterion
retention at silica gel surface. The value of cK_ is deduced, using the code EQUIL-DISSOL,
by a fitting procedure. The value of surface parameters used in modeling are reported in Table
2.

Table 2 : Values of parameters used in surface complexation modeling of Np(V) retention
on silica gel in 0.1 M NaC104 solutions, using the non-electrostatic model.

Parameter
Site concentration

Solid concentration
Total site concentration

*LogcK_

*LogcKNp

Value
5. 10"4 mol site, g"1 gel

20 g. L"1

1. 10"2 mol site. L"1

7.4±0.2

-5.2±0.2

* conditional constant for a 0.1 M ionic strength.

In modeling, we assume that the simplest reaction accounts for Np(V) adsorption on
silica gel, under CC^-free conditions :

->SONpO2+H+ (5)

with a conditional constant defined as follows:
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cV -KNp ~

[SONpO2}[H+]
(6)

Good agreement is achieved between calculations and experiments by including in

modeling reaction (5) with a pcKN value equal to 5.2+0.2 (0.1 M). Such a value is

considerably lower than the binding constants associated to reaction (5) for ferrinol and
aluminol groups, determined with the NEM from studies of Np(V) sorption on hematite
(Cromieres, 1996) and on gibbsite (Del Nero, 1998), respectively.

3.2 Influence of the Fe content of the synthetic gels

The pH-dependence of Np(V) sorption on ferrisilicate gels with atomic ratios of 3
and 10 are reported in Fig. 7 and 8, respectively, at different ionic strengths and intial Np
concentrations in solution. For both gels, increasing the Np(V) concentration from 10"' to
10" M has little or no influence on the percent of Np(V) sorbed.

Decreasing the ionic strength of the solution from 0.1 to 0.01 M enhances Np(V)
retention on both gels, particularly for pH values lower than 7. This may be partly due,
particularly for the gel with a ratio Si/Fe of 10 and at pH values lower than 5, to Na+ - NpOa+

exchange reactions on permanent charged sites originated from isomorphic Fe for Si
tetrahedral substitutions in the gel lattice, which are not fully compensated by iron hydroxy
species at this gel surface.
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3 4 5 6 7 8 9 10
PH

Figure 7 : Percentage of Np(V) adsorbed at 298 K on 20 g/1
ferrisilicate gel with an atomic ratio of 10 g/L in CCVfree NaClO4 solutions,
reported as a function of pH (Np : initial Np(V) concentration, I.S. : ionic
strength).
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Figure 8 : Percentage of Np(V) adsorbed at 298 K on 20 g/L
ferrisilicate gel having an atomic ratio of 3 in CO2-free NaC104 solutions,
reported as a function of pH (Np : initial Np(V) concentration, I.S. : ionic
strength).

Comparison between Fig. 7 and Fig. 8 shows that an increase of the Fe content of
the gel induces a shift of Np(V) adsorption edges towards lower pH values, at a high ionic
strength. Such a trend is consistent with an increasing contribution of ferrinol surface sites to
Np(V) sorption, and with an higher affinity of neptunyl ions for ferrinol than for silanol
surface sites.

3.3 Np(V) sorption on the alteration gel

Fig. 9 shows that the retention of Np(V) on the alteration gel in 0.1 NaNC>3 solutions
is strongly pH-dependent. This suggests that NpC>2+ ions participate in the formation of
surface complexes with surface groups of the gel.

The sorption capacity of the alteration gel is higher than those of the synthetic
ferrisilicate or pure silica gels used in this study. Indeed, a comparison between Figs. 8, 9 and
10 shows that the position of the adsorption edge for the alteration gel is close to that obtained
for the ferrisilicate gel having a Si/Fe ratio of 3, although the solid concentrations used for
experiments are of 20 g/L and 4 g/L for the ferrisilicate and the alteration gel, respectively.
This may be due to a greater contribution of ferrinol groups (or of other kind of high-affinity
groups for Np(V)) to Np(V) adsorption for the alteration gel than for the ferrisilicate gels.

Increasing the initial Np(V) concentration from 1 (iM to 10 uM induces a lowering
of the Np(V) percent sorption on the alteration gel. This suggests that the retention of Np(V)
on the alteration gel results from the contribution of high-affinity and lower affinity surface
groups of the gel to Np sorption.
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Figure 9 : Percentage of Np(V) adsorbed at 298 K on 4 g/L
alteration gel in CO2-free 0.1 M NaNO-? solutions, reported as a
function of pH (Np : initial Np concentration).

4. Conclusions

Major findings of our study can be summarized as follows.

1. Under CC>2-free conditions, Np(V) sorption on pure silica gel is pH-dependent.
The surface concentration of Np(V) is proportional to the initial concentration of Np(V) in
solution, within the Np
complexation reaction :

v 1 0concentration range 10" - 10" M. The following surface

SOH+NpO^ir

with a p KNp value for the NEM of 5.2+0.2 (I.S.: 0.1 M) provides a reasonable description

of pH-dependent Np(V) sorption on the silica gel, under CC>2-free conditions. Such a binding
constant value, compared with those reported previously in litterature, suggests a lower
affinity of NpC>2+ ions for silanol than for ferrinol or aluminol surface sites of minerals.

2. Np(V) sorption on ferrisilicate gels is strongly pH-dependent.
Increasing the Fe content of the gel induces a shift of adsorption edges towards lower pH
values, due to a higher contribution of high-affinity ferrinol surface sites to Np(V) retention.
Decreasing the ionic strength from 0.1 to 0.01 M leads to an increase of Np(V) retention on
ferrisilicate gels for pH values lower than 7. This may be partly due, particularly for the gel
with a Si/Fe ratio equal to 10 at pH values lower than 5, to Na+ - NpC>2+ exchange reactions on
permanent charge sites originated from isomorphic Fe for Si tetrahedral subsitutions in the gel
lattice, which are not compensated by iron-hydroxy species at this gel surface.
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3. The alteration gel of an aluminoborosilicate glass is a strong scavenger for Np(V).
The sorption capacity of the alteration gel is higher than those of the synthetic ferrisilicate or
pure silica gels used in this study. The retention of NpC>2+ ions at gel surface is also strongly
pH-dependent at high ionic strength, which suggests that NpC>2+ ions participate in the
formation of surface complexes with surface groups of the gel. Increasing the initial Np(V)
concentration from 1 uM to 10 uM induces a lowering of the Np(V) percent sorption on the
alteration gel. This suggests that the retention of Np(V) on the alteration gel results from the
contribution of high-affinity and lower affinity surface groups of the gel to Np sorption.
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