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ABSTRACT
Knowledge and understanding about radionuclides retention processes on the materials
composing the engineered barrier (clay mineral and metallic container waste) are
required to ensure the safety and the long-term performance of radioactive waste
disposal. Therefore, the present study focuses on the competitiveness of clay and the
metallic container in the process of adsorption/desorption of the radionuclides

simulators of Am®" and UO,>". For this purpose, a comparative study of the interaction
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of samarium (chosen as chemical analogue for trivalent americium) and zirconyl (as
simulator of uranyl and tetravalent actinides) with both FEBEX bentonite and metallic
container, under subcritical conditions, was carried out. The results revealed that the
AISI-316L steel container, chemical composition detailed on Table 1, immobilized the
HRW, even during the corrosion process. The ZrO*" was irreversibly adsorbed on the
minireactor surface. In the case of samarium SEM/EDX analysis revealed the formation
of an insoluble phase of samarium silicate on the container surface. There was no
evidence of samarium diffusion through the metallic container. Samarium remained
adsorbed by the container also after desorption experiment with water. Therefore, steel
canister is actively involved in the HRW immobilization.

Keyword. geological disposal, metallic canister, clay minerals, radionuclide

waste, actinide, sorption/desorption.
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INTRODUCTION

The safe disposal of radioactive wastes and specifically the need to protect
humans and the environment in the far future is given particular attention in all
countries engaged in nuclear power generation. Nowadays, disposal of these wastes in
deep geological repositories has been established as the safest and the most
environmentally appropriate solution (Alba et al., 2005; Duro et al., 2008; Alba et al.,
2009). Repositories are generally designed on the basis of a multiple barrier system
which consists mainly of natural and engineered barriers to isolate the hazardous
radionuclides from the accessible environment (McCombie et al., 2000; Astudillo,
2001; Chapman, 2006). The engineered barrier system (EBS) comprises the respective
metallic containers filled with radioactive waste and a backfill clay material, mostly
smectite standing between container and host rock in order to avoid the access of
groundwater to the high radioactive waste (HRW) as well as its subsequent migration
out of repository (Malekifarsani et al., 2009). However, it is impossible to guarantee the
long-term stability and integrity of the engineered barrier system. Once the overpack
comes into contact with groundwater higher concentrations of CO3* ions (Ishidera et
al., 2008), it will begin to corrode and, therefore, smectite could interact with dissolved
iron, hydrogen gas and other corrosion products of the steel overpack such as magnetite
(Fe304), goethite (FeO(OH)) (Smart et al., 2002; Carlson et al. 2007) or siderite.

Therefore, the corrosion of candidate metals for the container as well as the
effect of their corrosion products with clay minerals were the subject of many
experimental investigations and geochemical modelling (Guillaume et al., 2003;
Papillon et al., 2003; Perronnet, 2004; Wilson et al., 2006b; Bildstein et al., 2006).

Studies of iron-clay interactions have shown the systematic destabilization of the initial
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clay mineral and the subsequent crystallization of reaction products (Guillaume et al.,
2003, 2004; Lantenois et al., 2005). Lantenois et al. (2003) has investigated the
interactions between Fe and a variety of natural and synthetic smectite samples with the
aim of determining the effect of crystallo-chemical features on the smectite/iron
interactions. At 80°C, the results indicated that oxidation of the container by smectites
occurs only for dioctahedral smectites under basic pH conditions, whereas the container
corrodes by precipitating magnetite, but without smectite alteration at pHs ranging from
slightly acid to neutral. Likewise, Wilson et al. (2006a; 2006b) has investigated the
stability of Na-montmorillonite between 80°C and 250°C and observed that Fe-rich
smectite was formed and they exhibited lower swelling properties than the Na-
montmorillonite. Moreover, at 250°C, berthierine was formed.

All these previous studies showed that the effect of container corrosion on the
stability of the clay depends on many parameters such as temperature or the nature of
the clay minerals. In addition, a geochemical modelling study of iron/clay interactions
has been conducted by Samper et al. (2008) and demonstrated that most of the Fe
diffuses from the canister into the clay, where it sorbs or precipitates as magnetite.
Moreover, as reported in previous study, this magnetite is expected to act as sorbing
layer and it is able to delay the diffusion and immobilise many radionuclides under
repository conditions (Tiziana Missana et al., 2003). Indeed, several studies have been
undertaken to determine the ability of magnetite, commonly formed on corroding steel
surfaces, to absorb or reduce some radionuclides (Granizo and Missana, 2006; Rovira
et al., 2004). El Amrani et al. (2007) studied sorption of uranium onto magnetite and
found that the sorbed uranium is a mixture of tetra- and hexa-valent uranium.

In light of these studies, an understanding of the sorption/retention of

radionuclides on materials composing the engineered barrier (clay and metallic
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container waste) is of paramount importance for the long-term performance assessment
of nuclear waste repositories. E1 Mrabet. et al. (2012) have carried out experiments to
study the competitive effect of the steel canister and clay barrier on the sorption of Eu®*
used as trivalent actinides under reducing conditions and reported that both components
of the engineering barrier (clay mineral and metallic canister) were involved in the
immobilization of Eu’" by the formation of insoluble europium silicate phases.
However, to our knowledge, it is unclear whether this behaviour is general for any
actinide in trivalent or other oxidation states. Therefore, the present study focuses on the
competitiveness of clay and the steel container in the process of adsorption/desorption
of the radionuclide simulators of Am®" and UO,*". For this purpose, chemical analogue
simulators were chosen; Sm>" as simulator of trivalent Am and zirconyl as simulator of
uranyl and tetravalent actinides. The FEBEX bentonite was selected as simulator of the
materials of the engineered barrier and the austenitic stainless steel AISI-316L as

simulator of the metallic material.

EXPERIMENTAL METHODS

Experimental design and materials.

The clay mineral used in this study (Bentonite FEBEX) has been extensively
investigated as a suitable component of the engineered barrier in the recent past in many
countries in Europe and around the world (Triphaty et al., 2004). This bentonite was
provided by the ENRESA Company (the Spanish Company in charge of radioactive
wastes management) and has the structural formula:

(Cao,5Nao,ogK0,11)(Si7,7gA1().22)(A12,78F€3+0,33F62+0,02Mg0,31)O20(OH)4. Its main phase is
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montmorillonite (smectite percentage higher than 90%) together with small amounts of
quartz (Fernandez et al., 2004).

Sm(NO3);-6H,0O and ZrO(NOs),7H,O which are commercially available from
Sigma-Aldrich, were used in this work as possible chemical analogues for long-lived
actinides present in HRW, Sm as simulator of trivalent Am and zirconyl as simulator of
uranyl and tetravalent actinides (Chapman and Smellie, 1986).

Copper, titanium, stainless steels, were chosen in a number of disposal concepts
as suitable materials for the canisters. Also, they exhibit a high attack resistance in the
expected disposal environment (Rebak, 2006). Therefore, in the present study,
hydrothermal experiments were carried out in a stainless steel AISI-316 L reactor,
(selected as candidate container), commercially available, the chemical composition is
given in Table 1.

A deep understanding of the competitive effect of the canister material in the
processes by which the bentonite retains radioactive waste is of great importance for the
long term stability of the engineered barrier system. For this purpose, a minireactor
made from the same material as the steel reactor was designed by us. Thus, 300 mg of
the powdered bentonite was placed into a cylindrical steel cell (minireactor). The
bentonite-minireactor set was then compacted in a cylindrical die, (experimental design
has been described in detail by El Mrabet et al., 2012). Finally, the compacted set was
placed into the steel reactor and submitted to a hydrothermal treatment. The
hydrothermal reactions were carried out with 7.9x10> M of each solution of Sm*" or
ZrO*" at 300°C for 4.5 days.

Despite of the expected temperature in the disposal repositories will not exceed
150°C, many studies have been carried out by simulating the deep geological disposal at

temperatures up to 350°C to increase the reaction rate (Mathers et al., 1982; Savage and
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Chapman, 1982; Allen et al., 1988, Alba and Chain., 2007). Therefore, in the present
study, higher temperatures were taken account as necessary conditions to increase the
reaction rate and run the experiments at laboratory scale.

Desorption study was carried out by washing both treated minireactors with

distilled water until the washed water reached a neutral pH.

Characterization methods.

The X-ray diffraction patterns were obtained using an X'Pert Pro
PANALYTICAL diffractometer in the conventional 6 —26 Bragg—Brentano
configuration using Cu Ka radiation. Diffragtograms were registered from 3° to 70° 26
and in steps of 0.05° in random powder mode.

The morphology and chemical composition of both the steel and clay mineral
before and after hydrothermal treatment with the Sm®" or ZrO*" solution at 300°C for
4.5 days were investigated using a SEM-FEG HITACHI S- 4800 a scanning electron
microscope equipped with an Xflash 4010 (BRUKER) for energy dispersive X-ray
(EDX) analysis. The EDX spectra were taken in point analysis mode.

In order to obtain useful information about the oxide scale structure, a detailed
cross-sectional study involving SEM observations in combination with EDX line profile
along a representative area of the minireactor was performed.

The pH and Eh of the supernatant were measured at room temperature using a
Eutech Instruments PC 700 pH-meter before and after the hydrothermal treatment in

aerobic conditions.
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RESULTS

Sorption of Sm** on the FEBEX smectite

The XRD pattern of untreated clay mineral (Fig. 1a) exhibited typical reflections
of montmorillonite with a series of narrow and sharp peaks indicating its crystalline
structure. The basal spacing dgo; which corresponds to a value of about 1.4 nm is
associated to the bilayer hydrated Ca®" in the smectite clay interlayer (Chain, 2007).
Additionally, the XRD showed narrow peaks that correspond to quartz (PDF 04-006-
1757) and cristobalite (PDF 04-008-7824). After hydrothermal treatment with Sm®"
(Fig. 1b), the montmorillonite remains as the main constituent of the clay mineral and
the quartz is now absent but new impurities, H,Si,0s5 (PDF 00-050-0439) and Nacrite-
2M2 (PDF 01072-2206), are observed. The strongest peak that appears at 26 value of
6.33°, which corresponds to [001] lattice plane, shifted after hydrothermal treatment to a
lower diffraction angle 5.84°, thus implying an increase in basal spacing doo; which may
be attributed to the sorption of hydrated M*" cations into the interlayer space (Alba et
al., 2001). Previous studies demonstrated that the hydrothermal treatment of clay
minerals in the presence of the canister does not provoke a decreasing of its swelling
capacity, (Bildstein et al, 2006; Carlson et al., 2007; Gaudin et al., 2009; Savage et al.,
2010). The 060 reflection of FEBEX does not change after hydrothermal treatment and
was found to be 0.149 nm as expected for dioctahedral smectites (Davitz and Low,
1970).

The SEM micrographs of FEBEX before and after hydrothermal treatment with
Sm’" at 300°C for 4.5 days are shown in (Fig.2). The untreated clay showed the lamellar

morphology for the most particles (Fig. 2a). Furthermore, the typical Ky, lines for Si,
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Mg, Al and Ca in montmorillonite can be seen in the corresponding EDX spectrum,
(Fig. 2d). In the case of the reacted clay mineral with Sm®", the most particles exhibited
a lamellar morphology as can be seen in Fig. 2b, the associated EDX spectrum (Fig. 2¢)
showed the typical Ky lines for Si, Mg and Al of FEBEX, Ly and Lp; lines of Sm
which indicated that Sm was absorbed in the interlayer space of the FEBEX bentonite.
The decrease of the Mg content and the absence of Ca when compared to the original
FEBEX are due to the leaching of Mg”" ions and the exchange of Ca*" by Sm’" in the
interlayer space, which is in accordance with the observed lamellar expansion by XRD.
Besides those lamellar particles, some compact block particles (Fig. 2c, @) were also
observed with chemical composition associated to the phases containing samarium
which were not detected by XRD (Figs. 2f). It should be noted that the presence of
chromium is due to the degradation of the minireactor (see the chemical composition of

the steel reactor in Table 1).

Sorption of Sm** on the minireactor.

The XRD patterns of the minireactor after hydrothermal treatment at 300°C for
4.5 days in contact with a solution of Sm®” 7.9x10 M (Fig. 3a) showed that the original
austenitic metallic matrix of the steel (see it chemical composition in Table 1) remains
as the dominating phase. Additionally, a considerable portion of phases containing iron
(goethite) from container degradation marked by @ as well as other phases containing
samarium marked by®, ® and @ were also observed. Under scanning electron
microscopy, the surface of the reactor appears to be entirely covered by a thin layer of
oxide (Fig. 4a). The EDX spectrum showed the spectral lines of the austenitic phase

together with Sm peaks (Fig. 4g).
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After hydrothermal reaction with FEBEX and Sm’" solution, (Fig. 3b), the
dominant peaks in the X-ray diffraction pattern of the minireactor corresponds to the
original austenitic phase. Furthermore, minor phases such as samarium aluminate
(SmAIO;, PDF 00-22-1307), samarium oxide (SmyO;, PDF 01-076-0153) and
clinozoisite (CayAls(Si04)(Si,07)O(OH), PDF 00-44-1400) which contains elements
leached from the clay mineral were also detected. As can be seen by SEM micrographs,
Fig. 4b, a homogeneous compact thin layer formed by small crystals covers the entire
surface of the reactor. According to the EDX analysis, the higher Sm/Si ratio together
with weak intensity of K, lines of Al and Mg arising from clay minerals particles
implies that the thin layer of oxide was Si- and Sm- rich, (Fig. 4h). The thickness of
this layer is corroborated by the maintenance of Cr/Fe intensity ratio in the EDX
spectra, (Figs. 4f-4h). Beside this, some compact block particles (Fig. 4c, @) with a
chemical composition associated with samarium silicate were also observed (Figs. 41).

In order to get a deeper insight about the diffusion of samarium into the
minireactor and the distribution of the chemical elements in the oxide layer formed after
hydrothermal reaction, a cross-sectional study involving SEM observations combined
with EDX line profile along a representative area (white line in Fig. 5a) of the
minireactor was performed. This study showed that the oxide scale is thin and mainly
composed of samarium silicate at the scale-atmosphere interface (Fig. 5b). There was no
evidence of samarium diffusion towards the metallic container, which is in accordance

with the results obtained by surface EDX analysis.

Desor ption of Sm** on the minireactor.
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When the steel was submitted to desorption process after hydrothermal
treatment, the identified species by XRD pattern (Fig. 3¢) are the same as those seen
previously in the reactor post-treatment. Nevertheless, the top surface morphology of
the oxide scale formed over the steel changes significantly when comparing to that of
the reactor post-treatment. SEM micrographs showed that the minireactor surface is
covered by a fine-grain oxide layer intercalated in some areas by a very thin layer of
samarium silicate (Figs. 4d-4j). Besides this, agglomerations of small particles (Fig. 4e,
@) were also observed with a chemical composition compatible with samarium silicate
as stated by EDX spectrum (Figs. 4k). However, as can be seen in Figs. 5c-5d, the cross
sectional study of the reactor hardly revealed the presence of samarium silicate whose

thickness has been significantly reduced with respect to the reactor post-treatment.

Sorption of ZrO* on the FEBEX smectite

The XRD patterns of the reacted clay FEBEX with a solution of ZrO*" 7.9x107
M at 300°C for 4.5 days, (Fig. 6b) showed that the basal spacing dgo; expanded from
1.40 nm to 1.46 nm, suggesting that the interlayer cation exchange between the initial
(Ca® and Na") by ZrO*" has been occurred. Also, the persistence of the d- spacing of
1.49 nm peak without any reflection to a higher 20 angle indicated no leaching of the
octahedral cations. It can also be noticed form XRD analysis that neither phases
resulting from minireactor degradation, nor those containing zirconium were detected in
the treated clay minerals, which is probably due to their small crystalline size. SEM
micrographs of the reacted FEBEX with ZrO*" showed the typical lamellar morphology
for the most of particles with a chemical composition compatible with ZrO*'as

interlayer cations, (Figs. 7a-7d). In addition to these lamellar particles and under
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backscattering electron beam, agglomerations of small particles with brilliant
appearance (Fig. 7b, @) were also observed with a chemical composition consisting
mainly of phase containing zirconium, (Figs. 7¢). Moreover, the SEM/EDX analysis of
other zone (labelled @ in Fig. 7c) indicated that the treated clay mineral was
significantly enriched in iron, which suggested the release of the iron upon degradation
of the container, (Figs. 71).

Finally, it is remarkable that the corresponding EDX spectra were characterised
by the Kq; lines of Si, Al, Mg and L, line of Zr. Thus, there was no evidence of the
existence of isolated zirconium silicate, the zirconium being associated to the clay

mineral phase. Similar observations were seen in the case of the treated clay with Sm®".

Sorption of ZrO* on the minireactor

The XRD patterns of the minireactor treated hydrothermally at 300°C for 4.5
days in contact with a solution of ZrO*" 7.9x10 M (Fig. 8a) showed the austenite as the
dominating metallic phase of the steel which suggested that the minireactor did not
undergo any noticeable change in term of phase transformation due to the hydrothermal
treatment. Additionally, a considerable portion of iron oxide, hematite (Fe,Os, PDF 01-
085-0987), as well as minor phases of zirconium oxide, baddeleyite (ZrO,, PDF 00-013-
0307), were detected. The SEM micrographs of the minireactor revealed that the surface
is entirely covered by a thin layer of crystals of various size mainly composed of
zirconium oxide as shown in Figs. 9a-9g.

After reaction with clay minerals and ZrO*" at 300°C for 4.5 days, no changes
were observed with respect to the previous sample in the XRD pattern (Fig. 8b); the

dominant species remain the austenitic metallic matrix of the steel and iron oxide
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(Fe203). In the latter, the diffraction lines are less intense than those observed in the
treated reactor without FEBEX. The baddeleyite signals remain also poorly intense. As
can be seen from the SEM micrographs (Fig. 9b), the steel surface is covered by a thin
layer of fine-grain oxide composed mainly of zirconium oxide as observed in the EDX
spectrum, (Fig. 9h). Furthermore, the Ky, lines for Si, Mg and Al arising from clay
minerals particles are visible in the associated EDX spectrum. Besides this, some
isolated agglomerates together with bright dispersed areas (labelled @ and @
respectively in Figs. 9¢c-9d) appear over the steel surface (Figs. 9¢c-9d). According to
EDX analysis, the agglomerates were Zr-rich (Fig. 9i), whereas the bright areas were
clay minerals rich particles with some zirconium (Fig. 9j) compatible with the ZrO-
FEBEX observed by XRD. The SEM cross-sectional analysis (white line in Fig. 10a)
only showed the presence of zirconium oxide at the scale-atmosphere interface without
its diffusion towards the container which is in agreement with results obtained by EDX

surface analysis (Fig. 10b).

Desor ption of ZrO®" from the minireactor.

Fig. 8c shows the XRD diffraction pattern of the reactor after the desorption
process. The dominant phase was the austenitic pattern arising from the metallic matrix
of the steel remains. In addition, some iron oxides and zirconium oxides were detected.
These results were similar to those of the post-treatmented reactor which suggests that
the reactor did not undergo any structural change.

The morphology of the oxide layer is also similar to that of the reactor after the
treatment; the scale is formed by fine—grain oxide crystals over which a few hexagonal
crystals are growing, (Figs. 9e-9f). According to EDX analysis (Figs. 9k-91), the

hexagonal crystals (labelled as @) are of similar composition to that of the small
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crystals (labelled as @) but with higher zirconium content. Furthermore the the Ky
lines for Si, Al and L,; were detected in the corresponding EDX spectrum which
indicated the formation of an insoluble zirconium silico-aluminate. Unfortunately, no
phases containing zirconium were identified by cross sectional study because the layer

is too thin to be analysed in cross section, therefore no information was provided as can

be seen in (Figs. 10c-10d).

Supernatant characterization

The electrochemical properties of the initial solution and supernatant are shown
in Table 2. The results showed that the initial pH value decreased from 4.2 to about 2.5
for Sm**, whereas for ZrO*", the post-quench pH values before and after hydrothermal
treatment remained quasi-alike. In both cases, the pH values indicated an acidic medium
of the supernatant solutions. No structural transformation at those acidic conditions was
observed in the XRD patterns for the both treated clay minerals (e.g. swelling capacity).
That agrees with Lantenois et al. (2005) which observed that the destabilization of
smectite in contact with metallic Fe at a pH lower than 7 is not significant. The
Pourbaix diagram showed that the E, and pH values measured for both solutions favour

. . . + 2+ . . . . .
samarium and zirconium as Sm*" and ZrO*" ions respectively in water as ideal solution.

DISCUSSION

As discussed above by XRD and SEM analysis, the interaction between
zirconium and FEBEX involved only sorption at the cation-exchange sites located in the

interlayer spaces of the clay. Additionally, no evidence of phases appearing as a result
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of the chemical interactions of radioactive waste with clay minerals barrier such as
zirconium silicates was observed. The generation of these phases is especially important
when the suitable properties of the engineered barrier (clay minerals barrier) such as
swelling capacity and cation exchange failed to retain the radionuclide. Furthermore, the
released iron particles upon container degradation detected by EDX analysis did not
provoke a decrease of the swelling properties of the clay mineral. The interaction of
ZrO*" with the minireactor was only superficial and no zirconium diffusion towards the
metallic container was detected. Moreover, the adsorbed zirconium was retained, even
after desorption process (hexagonal crystals) which implies the irreversible participation
of the metallic container in the sorption of zirconyl taken as stable uranyl simulator.
These findings regarding the active participation of the container in the sorption of
ZrO*" under subcritical conditions are in agreement with previous study by Gimenez et
al. (2007) who studied the sorption of As(Ill) and As(V) on different natural iron oxides
(hematite, magnetite, and goethite) and found that the hematite showed higher sorption
capacity, especially at acidic pH. Additionally, these iron oxide phases have also a
relevant role on the retention of radionuclides such as U and Np from the repository and
the surrounding rocks, as predicted by Meijer (1990).

Nevertheless, in the case of Sm®", besides the cation-exchange at the interlayer
spaces of the clay, the samarium had also precipitated out of solution to form a solid
phase by leaching of cations, mainly sodium or calcium released by ion exchange
process. Despite the XRD diffraction pattern did not show any samarium silicate phase
provided by the mixed solution of the clay mineral, Sm®" and container; SEM/EDX
analysis indicated the generation of an insoluble disilicate phase with a chemical
composition compatible with samarium silicate on both the clay minerals and the steel

container. Furthermore, the interaction of Sm’* with the minireactor was on the surface
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and has not been diffused into the metallic container. This samarium silicate layer
remained, but very thin, after desorption process. These findings regarding to the active
participation of both components of the engineered barrier in the sorption of Sm®" under
subcritical conditions are in contrast to those of Parfitt et al. (1980) who reported that
the presence free iron oxides inhibits the sorption by the whole soil. This inhibition was
explained by the Fe coating of clay mineral in red earth which suppresses Eu®" sorption.
Also, as reported by Wang et al. (2000), these iron oxides in red earth are not a
significant sink for Eu®".

Finally, it is also mentioned that the behaviour of Sm" is similar to that of Eu**
(El Mrabet et al. 2012). In the case of Eu®", the amount of europium silicate retained by
the container remained even after the desorption process with a thickness of ca. 5 um,
whereas in the case of Sm’", the samarium silicate layer was too thin to be detected by

EDX line profile.

CONCLUSIONS

The main conclusions that can be drawn from the above results are:

v The interaction between FEBEX and Sm®" involved both sorption at the
cation exchange sites located in the interlayer spaces of the clay mineral
and the chemical interaction with the generation of an insoluble phase of
samarium silicate. In the case of ZrO*", this interaction revealed only
sorption of hydrated cations into the interlayer space.

v From both studies with Sm>" and ZrO**, we can deduce that the metallic
canister is actively involved in the immobilization of HRW, even during

the corrosion process.
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TABLE 1. Chemical composition (w/w %) of the stainless steel AISI 316 L used in this

work

Co V Si S P Mn Cr Fe Ni Cu Mo C(Cl

0.14 0.11 038 0.03 0.04 1.74 16.53 68.29 10.57 0.29 1.87 0.01

535
536

537

TABLE 2. pH and redox potential (E) values of the initial
aqueous solution and the solution after hydrothermal
reaction at 300°C for 4.5 days of FEBEX in contact with a

7.9x1072 M solution of Sm>" and ZrO*".

Sm’" 7rO*"
Solution E, Ey
PH  mv) PR v

Initial 4.20 439  1.38 554
Final 247 547  1.55 614
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FIGURE CAPTIONS

FIGURE 1. XRD diffraction patterns of the FEBEX smectite: a) Untreated FEBEX. b)
After being treated hydrothermally at 300°C for 4.5 days with a solution of 7.9x10% M
Sm’". g=quartz (PDF 04-006-1757), c=cristobalite (PDF 04-008-7824), h=H,Si,Os

(PDF 00-050-0439), and, n=nacrite 2M2 (PDF 01-072-2206).

FIGURE 2. SEM micrograph of: a) the original FEBEX. b) General view of the treated
FEBEX at 300°C for 4.5 days in contact with a solution of 7.9x10”* M Sm’".c) Other
zone from b) where block morphology, marked with @, are shown. EDX spectra of: d)
the original FEBEX; (e) EDX of lamellar particles shown in b) after hydrothermal
reaction at 300°C for 4.5 days with a solution of 7.9x10° M Sm’". f) EDX of block

morphology shown in fig. c)

FIGURE 3. XRD diffraction patterns of the minireactor after hydrothermal treatment at
300°C in contact with a solution of 7.9x10? M Sm’" for 4.5 days: a) without FEBEX b)

with FEBEX. ¢) After desorption process.

FIGURE 4. SEM Micrographs of the minireactor after hydrothermal reaction at 300°C
for 4.5 days in contact with a solution of 7.9x10? M Sm’": a) General view. b-c) with
FEBEX. d-e) after desorption. EDX of different zones viewed in SEM micrographs: f)
EDX of the steel as-made. g) After hydrothermal reaction at 300°C for 4.5 days in
contact with a solution of 7.9x10% M Sm’". h-i) in presence of FEBEX. j-k) After

desorption process.
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FIGURE 5. a) SEM micrographs of a transverse section of the minireactor after
hydrothermal reaction at 300°C for 4.5 days with FEBEX and a solution of 7.9x10> M

Sm’". b) Intensity profile of the elemental composition. c-d) after desorption process

FIGURE 6. XRD diffraction patterns of the FEBEX smectite: a) Untreated FEBEX. b)
After being treated hydrothermally at 300°C for 4.5 days with a solution of 7.9x10> M

Zro*". g=quartz (PDF 04-006-1757), and, c=cristobalite (PDF 04-008-7824).

FIGURE 7. SEM micrographs of the treated FEBEX at 300°C for 4.5 days with a
7.9x107 M solution of ZrO*": a) A general view; b) bright particles agglomerates
constituted mainly of zirconium; and; c) iron particles arising from container
degradation. EDX spectra of: d) lamellar particles shown in a) after hydrothermal
reaction at 300°C for 4.5 days with a solution of 7.9x10%M of ZrO>"; e) zirconium
agglomerates shown in b); f) EDX of iron particles shown in ¢); and; EDX spectrum of

FEBEX has been included as reference.

FIGURE 8. XRD diffraction patterns of the minireactor after hydrothermal treatment at
300 °C in contact with a 7.9x10™ M solution of ZrO** for 4.5 days: a) without FEBEX

b) with FEBEX. c) After desorption process.
FIGURE 9. SEM Micrographs of the minireactor after hydrothermal reaction at 300°C

for 4.5 days in contact with a 7.9x10> M solution of ZrO*": a) General view. b-d) in

presence of FEBEX. e-f) after desorption process. g-1) The corresponding EDX spectra.
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FIGURE 10. a) SEM Micrographs of a transverse section of the minireactor after
hydrothermal reaction at 300°C for 4.5 days with FEBEX and a solution of 7.9x10> M

ZrO*". b) Intensity profile of the elemental composition. c-d) after desorption process.
FIGURE 11. pH-Redox potential (Eh) plot (Pourbaix diagrams) of the initial solution

(circle) and the supernatant recovered after hydrothermal treatment(triangle) for :a)

7.9x102 M Sm’", b) 7.9x10% M ZrO*".
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