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Abstract

These studies are related to the development of an innovative solution for the extraction of transuranium elements from high
radioactive level acid solutions. In this frame, advanced silica hybrid materials were developed by hydrolysis and condensation
of molecular species functionalised with complexing functions, leading to the improvement of solid—liquid extraction techniques.

The influence of the nature of the complexing organic groups, of the microstructure and of the extractant loading in the con-
densed matter on the distribution coefficient is determined in the case of americium and plutonium extractions from nitric acid
media. Preliminary studies on the americium—europium separation using these materials were also tackled. To cite this article:
Daniel J.M. Meyer et al., C. R. Chimie 10 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Ces études se placent dans le contexte du développement de solutions innovantes pour I’extraction d’éléments transuraniens de
solutions d’acide nitrique fortement radioactive. Ainsi, des matériaux avancés, de type silices hybrides, obtenus par hydrolyse puis
condensation d’especes moléculaires contenant des fonctions complexantes, ont été développés afin d’améliorer les techniques
d’extraction par voie solide—liquide.

L’influence de la nature du groupe extractant, de la microstructure et de la concentration en fonction complexante dans le solide
sur le coefficient de partage solide—liquide a été déterminée dans le cas de I’extraction de I’américium et du plutonium d’une so-
lution d’acide nitrique. Des essais préliminaires portant sur la séparation américium—europium par ces matériaux a également ont
été abordés. Pour citer cet article : Daniel J.M. Meyer et al., C. R. Chimie 10 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The nuclear industry and the progress in the related re-
search and development programs produces high-level
liquid wastes containing radionuclides such as actinides
and fission products, causing long-term storage problems.
One interesting treatment route to solve the actinide ques-
tion consists in implementing a solid—liquid extraction
step followed by an actinide recovery stage or an actinide
immobilisation stage (Fig. 1). In this frame, hybrid silica
gels obtained by sol—gel techniques [1] under mild con-
ditions are suitable candidates as solid extractants.

This versatile synthetic approach allows us to take
advantage of molecular engineering to modify the silica
skeleton by introducing organic functions (such as li-
gands or extractants) and structural blocks during the
synthesis to control the overall reactivity, the texture
and the structure of the hybrid material [2]. By this
way a wide variety of materials can be produced accord-
ing to the intrinsic properties of the organic function
[2a,j,k]. The incorporation of functionalised ligands

opens interesting possibilities for metal complexation
or extraction [3].

The mild conditions of the sol—gel approach also al-
low the tuning of the material properties by the loading
of the complexing moieties. Finally, imprinting tech-
niques can also be used in this frame for overall struc-
ture—properties relation adjustments [2g,3d,4]. In
such a way, actinide extraction as well as catalyst sup-
port enhancement has been described [3d,e,5].

In this work we report the synthesis of polyamine-
polyether- and pyridine-functionalised hybrid silica
materials and their extraction properties for plutonium
and americium from nitric acid solutions, with high-
lights on the influence of the chemical pattern, the tex-
tural aspects and the extractant loading on the extraction
properties.

The synthetic route leading to the materials consists
of the hydrolysis and the condensation between
Si(OEt), and the functionalised LSi(OEt), (Fig. 2)
where the organic functions L (Fig. 3) were chosen
for their ability to complex several metallic cations [6].
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Fig. 1. HLLW Treatment: route A leads to a radionuclide recycling, while route B leads to the confinement of the radionuclide in a solid matrix

with possible recycling of the solid extractant.
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X Si(OEt), + L[SI(OEt);], — L[SIO, 4],,SiO,

Fig. 2. Hybrid silica synthetic route.

All the materials obtained by this technique are given
in Table 1.

A first series of solid—liquid extraction tests were
done to establish the best organic function for the acti-
nide extraction, then further studies on the most effi-
cient remaining best-functionalised material were
carried out to determine the importance of the loading
and the insertion mode of the coordinating organic
function on the extraction of Am(III), Pu(IV) and
Eu(III) from nitric acid solutions.

2. Results and discussions

These studies are essentially focused on the determi-
nation of the distribution coefficients for selected func-
tionalised hybrid materials and will be discussed on
a qualitative level.

Owing to the nature of the americium and plutonium
species in nitric acid media [7] and the basic nature of
the ligands, in particular the amine and the pyridine
group, the extraction studies were performed over
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Fig. 3. Triethoxysilylated ligands used to build hybrid silicas.

a large range of nitric acid concentration, usually
[HNOs] varying from 107> M up to 4 or 6 M. In these
operating conditions, americium will be found in oxida-
tion state (IIT) and plutonium in oxidation state (IV).

2.1. Preliminary scanning for Am(IIl) extraction

Preliminary experiments were performed to deter-
mine the distribution coefficient for a first series of hy-
brid materials functionalised with polyether, pyridine
and diaminoethylene groups with 0.018 M nitric acid so-
lution. The results show that only some diaminoethylene
gels extract americium with K4(Am) values ranging
from some hundreds to some thousands mL/g (Table 2a).

Polyether and pyridine, usually known for their com-
plexing properties for several metals at low acidity do
not extract americium in our conditions. The low
K4(Am) values usually point out a very low affinity of
the functionalised material for the americium. The
structural organisation of the potential complexing sites
inside the condensed matter is not favourable to the co-
ordination of the americium species, despite a high
number of coordination functions introduced in the sil-
ica skeleton, such as in gel G4a. The source of this in-
efficient organisation of the extractant sites in the
polyether and pyridine hybrid materials is probably
due to an inadequate self-assembling of the functional-
ised precursor in the solution during the condensation
process, producing a negative template effect leading
to non-coordinating sites for americium.

Americium distribution coefficient measurements
for gels Gla—G4c over a range of nitric acid concentra-
tion from 0.018 M to 1 M show no significant changes
in the extraction behaviour (Table 2b).

These observations show clearly that the change of
the speciation for americium does not affect the magni-
tudes of the distribution coefficients. In any case, this
means that americium will be never coordinated.

Further studies were essentially carried out on
polyamine-functionalised hybrid materials to determine
the influence of structural and extractant loading
aspects on the extraction properties of americium and
plutonium.

2.2. Am(III) extraction by polyamines

2.2.1. Influence of the polyamine pattern

Gels G6b and G7d show very high coefficient distri-
bution, respectively, around 3 x 10°mL/g and
7 x 10* mL/g, for a nitric acid concentration less than
0.01 M (Fig. 4). This value drops drastically to less
than 10 mL/g for [HNOs] higher than 0.1 M.
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Table 1
Synthesised hybrid materials
Hybrid silica material X Gel reference
/7 \ 5 Gla
0, 5Si /\/\O O/\/\Si01_5 x SiO, 10 G1b
/ \ / \ 5 G2a
0,87 > o o 0" >"sio,, xS0, 10 G2b
/o N/ N\ . 10 G3
50,57 > o o OH xS0,
0 G4a
= x SiO. 10 Gdc
0,87 X7 N S0, 4 2
/N ) 0 G5a
0,587 > N N O sio,, xS0, 5 G5b
H H 10 G5c
/ \ . 2 Gé6a
015S|/\/\N NH2 X S|O2 5 G6b
H 10 Gée
/T N\ /T N\ ) 2 G7a
0,87 > N N NH, xSiO, 3 G7b
H H 4 G7c
5 G7d
6 G7e
10 G7f

X = Si(OEt)4/Si(OR);L initial ratio during synthesis.

The same behaviour is observed for gel G5a with
much lower Ky values. This type of results is usually ob-
served in the case of a typical metallic complexation be-
haviour. In fact, at low acidity, the non-protonated
amino functions are able to coordinate the americium
core with high affinity, leading to a high value of the dis-
tribution coefficient. At higher [HNOs;] concentration,
the competitive extraction of H' by the amino group
as well as the complexation of the Am(III) cation by

Table 2a
Results of preliminary Am(III) distribution coefficient scanning for
different functionalised hybrid materials; [HNO3;] =0.018 M

Polyether  Gel Gla Glb G2a G2b G3

K4 (mL/g) 1.1 1.8 08 1.6 27
Pyridine Gel G4a G4b Giéc

K4 (mL/g) 2.0 0.9 2
Polyamine  Gel G5a G5b G6b Gé6c G7d GT7f

Ky (mL/g) 338 33 2822 23 2226 09

the nitrate anion in the solution, is more efficient than
the complexation of the Am(III) by diaminoethylene
moieties, decreasing the distribution coefficients.

It means that Am(III) is extracted as neutral complex.
Preliminary = comparative EXAFS studies on
Nd(NO3);-6H,0 and Nd(NOs3);(ethylenediamine) ex-
tracted by the gels G5a, G6b, G6c, G7a and G7b' and
the speciation of americium in this nitric acid range let
us expect that for the extracted complex, one nitrate
remains probably in the first coordination sphere, while
hydroxide ligands guarantee neutrality and the ethylene-
diamine pattern coordinate as chelate Am(III). The fact
that the gels G5a and G6b show high K;(Am) means that
the ethylenediamine pattern is sufficient for extraction
of Am(IIT) compared with the triaminodiethylene moi-
ety. No significant differences are observed between

' Unpublished work under progress.
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Table 2b
Distribution coefficient K4 (mL/g) for Am(III) extraction from nitric
acid for polyether (G1la—G3) and pyridine (G4a—c) functionalised
materials

[HNO;] (M) Polyether Pyridine
Gla Glb G2a G2b G3 Gda G4b Gdc

0.0188 1.1 18 08 16 27 20 09 20
0.05 12 23 1.1 1.8 1.8 22 28 24
0.075 1.1 1.8 03 19 19 1.8 13 26
0.1 1.7 12 08 14 14 18 16 23
0.5 1.3 1.1 1.1 1.3 1.3 1.5 1.7 24
1 1.2 12 09 16 16 1.8 13 28

hybrids G6b and G7d. The low K4(Am) for gel G5a
compared with hybrids G6b and G7d lets us assume
that the complexing pattern needs to be cleared of
some conformational restrictions for efficient extrac-
tion. In gel GSa, the doubly bonded ligand to the silica
skeleton is probably too structurally constrained for ef-
fective coordination showing lower affinity for Am(III),
while in the case of the G6b and G7d prepared from the
monosilylated diamino and triamino ligands, these pen-
dant ligands are more flexible in the hybrid material.

2.2.2. Influence of the ligand loadings

The influence of the extractant loading on the
americium distribution coefficient from dilute nitric
acid media was studied for the free diaminoethylene-
functionalised hybrid materials Gé6éa—c, G7a and
G7c—f (Fig. 5).

In these experiments, the initial ratio between the
functionalised molecular precursor, LSi(OEt);, and
the tetraethoxysilane Si(OEt), is modulated, producing
hybrid silica gels with varying extractant loading with
Si/L from 3 to 11.

The measurement of the K4q(Am) shows high values
for hybrids G6b, G7¢, G7d and G7e. This corresponds
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Fig. 4. K4(Am) for gels G5a, G6b and G7d for [HNOj3] ranging
from 0.0038 M to 2 M.
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Fig. 5. Effect of the extractant loading on the Am(III) distribution
coefficient. X is the ratio Si(OEt),/Si(OEt);L/expected after synthe-
sis. [HNO3] =0.018 M.

to the gel with observed Si/L ratios of 5, 6 and 7. A
low K4(Am) value for the high Si/L ratio is somewhere
expected owing to the dilution of the extraction function
during the condensation process in the material, al-
though a value around 2 is a surprisingly very low value.
Also for the material with a high extractant loading such
as hybrids G6a and G7a, the K4(Am) value is less than 3.

These strong differences for the K4(Am) values are
usually characteristic of a strong affinity variation for
the americium. The structural organisation of the com-
plexing site inside the materials will be probably at the
origin of this observation. The structure of the site in the
final material is greatly dependent on the organisation in
solution of the molecular silicon species during the con-
densation process as well as the collapse process which
occurs during the drying stage. Most likely, the heavy
extractant loading materials G6a and G7a have a strong
organic nature which will be easily reorganised during
the drying period, leading to non-complexing sites,
even when the high Si/L ratio for the light extractant
loading G6c¢ and G7f materials is favourable to a sur-
rounding of the autoassembled organic function by a sil-
ica layer, shielding the complexing sites. The medium
extractant loaded materials G6b and G7c—e will prob-
ably have a rigid enough mineral character avoiding
a site collapse as well as a Si/L ratio capable of gener-
ating surface accessible complexing sites.

However, the measured textural parameters (pore
mean diameter, pore volume and specific surface areas)
show clearly no influence on the distribution coefficient
for Am(III) (Table 3).

Hybrid G5a has a specific surface area of 3 m*/g with
a K4(Am) of 338 mL/g, whereas gels G5b and G5b,
which are not able to extract Am, exhibit high specific
surface areas, respectively, 382 m?/ g and 287 mZ/g.
For the gels G6b and G7d, the specific surface areas
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Table 3

Pore volume (V},), specific surface areas (S) and pore diameter (@,,) for
diaminoethylene based hybrid materials by BET calculation and the
K4(Am) for [HNO3;] =0.018 M

Gel V,(mL/g)  Sm¥%g)  @,(A)  KqAm) (mL/g)
G5a  — 4 - 338

G5b 084 382 87 33

G5c 1.04 287 144° 0.5

G6éa  — 9.6 - 2.0

G6b 097 269 145 6291

Gé6e 1.32 354 148 2.3

G7a  — 9.2 - 3.1

G7d 039 110 142° 2226

G7t 0.32 109 118 2.0

# macroporous.

are, respectively, 269 m%g and 110 m%g and the
K4(Am) of 6291 mL/g and 2226 mL/g. From the same
family, the hybrids G6c and G7f have a specific surface
area of the same order of magnitude, respectively,
353 m%*/g and 109 m*/g with a K4(Am) of 2.3 mL/g
and 2.0 mL/g. It looks likely that the Si/L ratio plays
an important role in the extracting properties of the
solids.

2.3. Am(Ill) and Eu(lll) concomitant extractions

Aiming Am(IIT)/Eu(Ill) separation, distribution co-
efficient measurements for these two elements were
done for hybrid material G7d, which shows a good ex-
traction behaviour for Am(III). A solution containing
a mixture of Am(III) and Eu(IIl) (see Section 4) was
used for all extraction experiments (Fig. 6).

Unfortunately, no significant differences for the dis-
tribution coefficient values were observed whichever
the HNO;5 concentration may be. In these conditions
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Fig. 6. Distribution coefficients of Am(III) and Eu(III) vs nitric acid
concentration for gel G7d.

the behaviour of both elements is identical, preventing
an efficient separation. The material needs to be im-
proved in order to increase the separation factor be-
tween Am and Eu. This can be envisaged by the use
of template effects like the imprinting techniques using
metal complexes, successfully undertaken for diamide
hybrid material to increase not only the overall extrac-
tion performance, but also the separation factor between
Eu, Nd and Am [3d].

2.4. Pu(lV) extraction by polyamines functionalised
materials

The distribution coefficient for Pu(IV) in nitric acid
for hybrid material G7d was measured to determine
fundamental differences between two actinides, such
as Pu(IV) and Am(III), showing different speciation
along a nitric acid concentration range [7]. To avoid
plutonium hydrolysis problems, the study has to be
limited to a nitric acid concentration ranging from
0.5Mto 6 M.

For gel G7d, the plutonium experiments show a max-
imum distribution coefficient around 66 mL/g, which is
very low compared with the americium experiments
where the maximum distribution coefficient is between
10* mL/g and 10°> mL/g (Fig. 7). This value of 66 mL/g
is observed for [HNOs] from 4 M to 6 M. At these acid-
ities, Pu(IV) nitrate species exist as Pu(NO3)s~ and
Pu(NO;)¢>~ anions, while the ethylenediamine func-
tions form protonated cationic entities. Under these
conditions, the extraction mechanism of Pu(IV) is cer-
tainly an anion exchange process. This is confirmed
by the low [HNOj3] back extraction conditions where
Pu(IV) forms a neutral tetranitrate complex.
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Fig. 7. Distribution coefficient for gel G7d for P(IV).
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3. Conclusions

In this work it is shown that the synthesis of hybrid
materials using sol—gel techniques is suitable to obtain
high-performance solid material to extract americium
from low-concentrated nitric acid solutions. A first
tuning of the extraction properties can be done by the
use of different chemical patterns and through the con-
trol of the extractant loading in the material. Extended
control of the extraction behaviour can be considered
by the use of molecular engineering such as template
techniques.

We have also synthesised hybrid materials having
two extraction mechanisms for two different actinides:

- metal complexation at low acidity for Am(III);
- anion exchange at high acidity for Pu(IV).

4. Experimental

All experiments related to the synthesis of the hybrid
material were carried out under nitrogen atmosphere.
Ethanol was dried by distillation over magnesium and
under nitrogen atmosphere before use. All reagents
and functionalised triethoxysilane (1—7) were available
commercially from Gelest™ or Sigma-Aldrich™ and
used without further purification.

24! Am, "?Eu and Pu were provided by CEA (France)
and, after purification by chromatographic methods [8],
starting solutions were prepared. The americium exper-
iments were performed using a solution with
[Am] =0.0261 g/L and [HNO5] = 0.037 M. The pluto-
nium experiments were realised using a solution with
[Pu] =0.323 g/L. and [HNO3] = 0.111 M. For the amer-
icium—europium experiments, the '>?Eu tracer was
added to an Am/Eu solution with [Am] = 0.029 g/L,
[Eu] =0.016 g/L and [HNO3] =0.01 M.

Infrared spectra were recorded on a PerkinElmer FT
1000. Solid-state NMR was performed on a FTAM 300,
with a *Si frequency of 59.62 MHz, an acquisition de-
lay of 10 s, a rotation speed of 5000 Hz and from 300 up
to 18,000 scans. Chemical shifts 6 were in ppm with
TMS as internal reference. Specific surface, pore vol-
ume and mean pore diameter were determined by
BET calculation after nitrogen adsorption—desorption
measurements on a Micrometrics 2375 or a Coulter
SA 3100 apparatus. Alpha activity was determined on
a Camberra model 7401 and gamma counting was per-
formed on a Cobra II counter, 59 keV for 2'Am and
122 keV for '*Eu.

All batch distribution coefficient measurements’
experiments were realised in 2-mL microtubes. A

mixture of 1 mL of the metallic solution and 50—
100 mg of hybrid material was shaken for 15 min. Af-
ter filtration by centrifugation over a 45-um filter, the
filtrate was analysed by alpha or gamma counting.
Before all extraction experiments, the material was
contacted with a solution showing the same HNO;
concentration.

In solid—liquid extraction, the distribution coeffi-
cient for a given metal (Ky) is defined as the ratio of
the amount of the metal in the solid to the amount of
the metal in the solution at equilibrium, if the amount
of the extracting group in the solid is assumed to be con-
stant. This is achieved by using initial concentrations of
metal around 0.1% of the total amount of extracting
group in the solid. The initial and final concentrations
of metal in solution were determined by alpha counting
for the Am and Pu experiments and gamma counting for
the Am and Eu experiments. K is given by the formula:

(AO - A) . Vsolution (mL)

Kq(mL/g) == Mg (g)

where A and A are the activities (alpha or gamma) of
the solution before and after extraction. Usually from
3 up to 5 batch experiments were done for one Ky mea-
surement. Overall uncertainties on the values of the K4’s
less than 10,000 are estimated at less than 20% and
come essentially from the dilution of the samples and
the preparation of the samples (disk coating and heat-
ing) for alpha counting. For higher K, values, the resid-
ual amount of radionuclide in the filtrate is of the same
order of magnitude as the background composition of
the glove box, and uncertainties can reach 50%.

The hybrid silicas were obtained according to the
same general procedure [3f]: in a Schlenck tube, the
chosen precursor (from 1 to 7) and Si(OEt), are added
(in the desired ratio) to dry ethanol, with a concentration
of Si around 1 M. Under magnetic stirring, the corre-
sponding amount of water is added (0.5 mole equiva-
lent/mole of ethoxy group). The condensation process
stars in less than 12 h. After an aging period of one
week, the solid is dried under vacuum at 80 °C, washed
with acetone and diethylether and dried again under
vacuum at 80 °C for 24 h.

4.1. Selected experimental data for some polyamines
functionalised materials

4.1.1. Hybrid G5a

White powder; IR (KBr, cmfl): vsi—o = 1086;
ve_n =2939; NMR *’Si CP-MAS (6, ppm): —58.9
(T,), —66.1 (T3); BET S = 4 m%/g.
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4.1.2. Hybrid G5b
Yellow powder; IR (KBr, em™ ) wgi_o=1119;
ve—n = 2957 and 2854; NMR '*C CP-MAS (6, ppm):
9.5 (CH,Si), 22.4 (CH,CH,CH,), 50.4 (CH,N); NMR
2Si CP-MAS (6, ppm): —57.2 (T%), —63.1 (Ty),
—1009 (Q3), —108.3 (Qs); BET S§=382mg,
V,=0.84 cm’/g, @, = 87 A.

4.1.3. Hybrid G5¢

White powder; IR (KBr, cmfl): vsi—o = 1109;
ve_p = 2953 and 2851; NMR '°C CP-MAS (8, ppm):
9.5 (CH,Si), 22.4 (CH,CH,CH,), 48.9 (CH,N); NMR
2Si CP-MAS (6, ppm): —57.9 (T?), —64.3 (Ty),
—101.1 (Q3), —1084 (Qu); BET S=287m%g,
V,=1.04 cm’/g, @, = 144 A.

4.1.4. Hybrid Gé6a

White powder; IR (KBr, cm_l): vsi—o = 1095;
ve—n = 2940; NMR *Si CP-MAS (6, ppm): —65.8
(T3), —101.3 (Q3), —109.6 (Q4); BET S = 9.6 m*/g.

4.1.5. Hybrid G6b

White powder; IR (KBr, cm™1): vg;_o = 1120; NMR
BC  CP-MAS (6, ppm): 9.5 (CH,Si), 214
(CH,CH,CH,), 40.3 (CH,N), 50.6 (OCH;); NMR *°Si
CP-MAS (6, ppm): 7664(T3) —101.4 (Q3), —108.4
(Q4); BET S = 269 m*/g, V, = 0.97 cm*/g, @, = 145 A.

4.1.6. ;Hybrid Géc

White powder; IR (KBr, cmfl): vsi_o = 1115; NMR
BC  CP-MAS (5, ppm): 9.5 (CH,Si), 214
(CH,CH,CH,), 50 (CH,N); NMR 2°Si CP-MAS (3,
ppm): —64.0 (T3), —101.0 (Q3), —106.9 (Q4); BET
S =354 m%g, V,=1.32 cm’/g, @, = 148 A.

4.1.7. Hybrid G7a

White powder; NMR '*C CP-MAS (6, ppm): 8.9
(CH,Si), 25.4 (CH,CH,CH,), 49.4 (CH,N); NMR
29Si CP-MAS (8, ppm): —66.9 (Ts), —102.1 (Qy),
—110.7 (Q4); BET § =92 m?/g.

4.1.8. Hybrid G7b

White powder; IR (KBr, cmfl): vsi—o = 1054,
ve_n = 2948; NMR *’Si CP-MAS (9, ppm): —68.4
(T3), —101.1 (Q3), —109.6 (Qu); BET §=98 m*/g;
V,=0.25 cm’/g, @, = 103 A.
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