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We have studied the H, production under ionizing radiation of water confined in synthetic saponite and
montmorillonite as a function of the relative humidity. The H; radiolytic yields in the dry systems are very
similar to that measured in a non-swelling clay mineral. They are 2-3 times higher with one water layer
in the interlayer space, evidencing very efficient energy transfers and efficient recombination reactions
due to a high confinement. With two water layers, the H, yields decrease as compared to the previous
case, but remain higher than in bulk water, proving that recombination reactions of hydrogen atoms are
less efficient. Electron paramagnetic resonance measurements evidence that reactivity changes
significantly with the number of water layers. Saponite and montmorillonite give similar results, showing
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Accepted 28th November 2016 that reactivity is driven by the amount of water and that the details of the clay structure play a less
important role. Lastly, the behavior of natural vs. synthetic swelling clays is discussed. The presence of

DOI: 10.1035/c6ra24861f impurities, even in small quantities, significantly alters energy transfers and has a positive implication for
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Introduction

Currently, the nuclear industry represents one of the best
carbon footprint energy sources although the nuclear waste
management remains a major issue. In particular, High Activity
(HA) and Long Life-Medium Activity (LL-MA) nuclear wastes
have to be isolated from our environment during several thou-
sands of years until they reach the natural radioactivity. To
tackle this issue, one of the alternatives chosen by several
countries is deep geological disposal.** In France, HA and LL-
MA nuclear wastes would be buried at several hundred meters
below the surface in a clay stratum. The corresponding clay
minerals, mainly smectites, present good swelling and reten-
tion properties making them materials of choice for the long
term disposal of nuclear wastes. However, these swelling clays
contain both hydroxyl groups and water molecules and are
prone to release H, when they are submitted to ionizing
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the geological nuclear waste management.

radiation.*® This specific reactivity can have a significant
impact on the safety of nuclear waste disposal.

Clay minerals, and more generally the phyllosilicates, are
layered structures. Each layer can be decomposed in geometri-
cally distinct sheets. One of these sheets is composed of TO,
tetrahedral (T) sites usually occupied by Si**, A’ or Fe*" cations
interconnected by three vertices, which combine themselves
into pseudo-hexagons (TO,)s. This tetrahedral sheet is always
bonded to an octahedral sheet formed of octahedral (O) sites,
usually occupied by AI**, Fe**, Mg®" or Fe*" cations. Clay
minerals are called dioctahedral if 2/3 of octahedral sites are
filled by trivalent cations (such as montmorillonite) or tri-
octahedral if all octahedral sites are filled by divalent cations
(such as saponite). When the basic layer consists in one octa-
hedral sheet sandwiched by two tetrahedral sheets, the clay
mineral is referred to as a 2 : 1 or TOT clay (Fig. 1). Because of
the frequent substitution of cations in tetrahedral and/or octa-
hedral sites, the layers can display an excess negative charge
which is compensated by the insertion of cations in the inter-
layer space (Fig. 1). These cations can be surrounded by water
molecules depending on the relative humidity of the medium.
When water molecules penetrate between the layers, they force
them apart, leading to a stepwise swelling. Consequently, 0, 1, 2
layer(s) of water molecules are usually found in the interlayer
space around the cations,' with basal spacings around 10, 12
and 15 A, respectively. As the TOT layer has a thickness of 9 A
(Fig. 1), this implies that the interlayer space is a highly 2D
confined environment.

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Structure of 2/1 phyllosilicates (TOT), two TO, (T = Si** and/or
A*) tetrahedral sheets on each side of an octahedral sheet occupied
by magnesium and/or aluminium cations, forming 2D layers (figure
made using the VESTA software).* Each TOT layer has a thickness of
roughly 9 A. Compensating cations (here sodium) are present in
interlayer space and are surrounded by water molecules. The dgo1
value obtained from X-ray diffraction experiments enables deter-
mining the thickness of the interlayer space, and hence, the number of
water layers in it.

Despite its environmental significance, only few studies
discuss the behavior under radiation of those complex and
confining systems.>*” Indeed, energy transfer phenomena
should be correctly considered as well as pathways of reactive
species within the interlayer space of clay minerals that is highly
confined, and in which specific effects may be expected. In
a previous study,” we have focused our attention on natural
montmorillonites of Camp-Berteau (Marocco). The purpose of
the present work is to understand in details how the nature of
the clay mineral and the water content influence the H,
production under ionizing radiation. In this framework,
synthetic montmorillonite and saponite (TOT clay minerals)
were chosen as representative models of swelling clays that will
help understanding the processes at stake. Their chemical
formulae are respectively Nags(Al; Mgy 5)Si4019(OH), for
montmorillonite and Nay sMg3(Si; 5Aly.5)010(OH), for saponite.
The difference between these minerals is thus related to the
location of the excess negative charge of the TOT layers, i.e. in
the octahedral or the tetrahedral sheet, respectively. The
determination of H, production yields as a function of the
relative humidity together with EPR measurements provides
a picture of H, reaction mechanisms. Pulse radiolysis experi-
ments performed at the picosecond time scale on natural films,
together with previous results obtained with natural montmo-
rillonites® will help understanding the reactivity differences
between natural and synthetic samples. The implications for
the nuclear waste management will then be discussed.

Experimental
Sample conditioning, irradiation and gas chromatography

Synthetic montmorillonite and saponite were synthesized using
high purity chemicals (99.9%) by hydrothermal method from
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gels of appropriate compositions prepared according to
conventional gelling method.**?°

The samples were first dehydrated at 100 °C for 24 hours in
order to remove any water remaining from synthesis and then
placed in different desiccators at known relative humidity (RH)
until equilibrium is reached: 3% (using silica gel), 11% (LiCl
saturated solution), 43% (K,CO; saturated solution), 74%
(NaNO; saturated solution) and 97% (K,SO, saturated solution).
Sample weight stability attests that equilibrium is reached. The
driest possible state without damaging the clay structure (0%)
was obtained by heating the samples directly in the irradiation
ampoules (see below) under primary vacuum at 110 °C for 48
hours. The samples were controlled by a thorough character-
ization; infrared spectroscopy (IR), thermogravimetric analysis
(TGA) and X-ray diffraction (XRD) are given in ESI SI-1, SI-2 and
SI-3,7 respectively. The total water content of each sample was
determined from TGA measurements (see below).

The conditioning procedure for irradiation experiments and
gas chromatography analysis was previously described.*
Briefly, samples were placed in a Pyrex glass ampoule and then
irradiated using a Titan Beta, Inc. linear accelerator (LINAC)*
with 10 MeV electron pulses of 10 ns duration at a repetition
rate of 2 Hz to avoid macroscopic heating. The dose per pulse
(30 £ 2 Gy per pulse, with 1 Gy = 1] kg~ ') was determined using
the Fricke dosimetry.”® H, formed under irradiation was
measured by gas chromatography (L GC-R3000 SRA Instrument)
using ultra-high purity argon as a carrier gas. Samples were
also characterized after irradiation to ensure that irradiation
conditions have no effect on their water content (see SI-47).

Thermogravimetric analysis (TGA)

Thermogravimetric Analysis (TGA) were performed with a Met-
tler-Toledo TGA/DSC 1 analyzer. Samples were placed in 70 pL
alumina crucibles and heated to 900 °C at a heat flow of 10 °C
min~" under a dinitrogen flux of 50 mL min~". Data were
analyzed with the STAR® software. Differential Thermal Analysis
(DTA) was also obtained by plotting the derivate function of TGA
data in order to identify the different weight loss domains:
roughly from 40 to 110 °C and from 110 to 200 °C (SI-2).

Electron paramagnetic resonance (EPR)

EPR experiments were carried out at low temperature (90 to 240 K)
at a microwave power of 1 mW thanks to a Bruker EMX plus
spectrometer in X-band bridge (9.1-9.6 GHz) equipped with a cold
nitrogen flux device. The sample conditioning and subsequent
irradiation was performed according to the method previously
described.” Our previous study evidenced that 15 kGy was an
appropriate dose to perform the EPR measurements. Therefore all
the spectra presented below were recorded at this dose. Data were
analyzed with the Win EPR software and modeled spectra were
obtained using the ZFSFIT code which is based on a numerical
diagonalization of the spin Hamiltonian.**

Picosecond pulse radiolysis experiments

Pulse radiolysis experiments (transient absorption spectroscopy
measurements) were carried out at the ELYSE facility.>*?” The
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overall time resolution of the set-up is 10 ps. It consists of
a pump-probe experiment where reactive species are generated
directly in the samples by an electron beam and then detected
by UV-Visible spectroscopy. Investigated samples were prepared
in the form of self-supporting films with a thickness optimized
(about 500 pm) so as to be optically transparent but to allow
signal detection. This could not be achieved with synthetic
samples due to the opacity of the films obtained. To overcome
this issue, two natural clay minerals were used instead:
a montmorillonite from Arizona Nag 555(Al;.375Mg0 535
Feg.0s5° )(Siz.075A10.025)010(OH), (ref. 28) and a beidellite from
Idaho NaO.474(A11.81ZMgO.OQFeO.1123+)(Si3.574A10.426)010(OH)2-29
These natural samples have been chosen because they display
a contrasted location of the excess negative charge, i.e. mainly
octahedral for the montmorillonite and mainly tetrahedral for
the beidellite, as for the synthetic samples. They also contain
different amounts of structural iron Fe**. The films were
prepared by successive deposition from aqueous suspensions.”®
They were then placed in front of the electron beam in
a controlled relative humidity chamber, designed for that
purpose, and equipped with pellicle uncoated windows allow-
ing the passage of the laser beam. Two significantly different
relative humidities were studied: 11% and 97%. Due to the very
low absorbance of the species detected, the signal was moni-
tored at 782 nm only. At this wavelength, only the electron,
which has a high molar extinction coefficient, is expected to give
a signal.**** Unfortunately, due to the low detected absor-
bances, it was then impossible to record the spectrum of the
electron.

Results and discussion
Water amount and dihydrogen production measurements

TGA measurements of synthetic montmorillonite (Fig. 2a) and
saponite (Fig. 2b) enable us to monitor the weight loss during
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Fig. 2 TGA from 30 to 200 °C of synthetic montmorillonite (a) and
saponite (b) according to relative humidity (upper part). Free Water
(FW, in black), Bonded Water (BW, in red) and Total Water Content
(TWC) (in weight percent) are represented for synthetic montmoril-
lonite (c) and saponite (d) (lower part).
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the heating of the sample and, hence, to determine the water
“type” together with the corresponding weight percentage (%)
as a function of RH (Fig. 2c and d). Bonded Water (BW) corre-
sponds to water molecules strongly bonded to the cation and to
the surface of the sheets. Free Water (FW) corresponds to water
molecules more weakly bonded. The sum represents the total
water content. Roughly, free water weight loss occurs between
40 and 110 °C while bonded water weight loss occurs between
110 and 200 °C. Fig. 2c and d show that the bonded water
content is almost constant, within the error bars, with RH in
both systems, whereas free water increases with relative
humidity, as expected. In samples at 0% RH, only BW is present.
FW is detected at 3% RH for montmorillonite and saponite.

Under irradiation, dihydrogen is produced. The cumulated
H, production evolves linearly with the dose, for the whole sets
of samples and relative humidity conditions (see SI-51). The
corresponding H, radiolytic yields, expressed in mol J '
(Fig. 3a) were obtained from the slope of the lines.

The evolution of the H, yield with RH is similar for mont-
morillonite and saponite, indicating that the excess charge
location in the clay structure only plays a minor role on the
mechanisms of H, production in synthetic samples. In parallel,
the number of water layers in the interlayer space (Fig. 3b) was
determined from XRD d,,; values (see SI-31). A direct compar-
ison of both trends suggests that the amount of inter-layer water
molecules strongly affects the H, production. For the driest
state (0%), the H, radiolytic yield measured for both samples
(4.3 £ 0.1) x 107 % and (3.1 £ 0.2) x 10"® mol J~* for mont-
morillonite and saponite, respectively) is lower than the one
measured in bulk water (4.5 x 10~® mol J™"), but consistent
with the value recently obtained in non-swelling clay minerals
((2.9 4+ 0.3) x 10" mol J " in talc).>* At 0% RH, the higher dyo;
value measured in the case of montmorillonite as compared to
saponite may account for the higher H, yield determined at this
RH (Fig. 3b). Noteworthy, if one water layer is always present,
even in the driest state, TGA measurements evidence that only
bonded water (and not free water) is found in both samples at
0% RH (Fig. 2c and d).

From 0% to 11% RH, the H, production yield strongly
increases and becomes even higher than the value obtained in
bulk water. The dy, is still consistent with one water layer in the
interlayer space but the number of water molecules increases
with RH as attested by ATR-FTIR measurements (SI-17). A full
energy transfer occurs from the irradiated layers to the inter-
layer space.

Compared with bulk water, the dissociation of the O-H bond
could be facilitated by interaction with inter-layer sodium
cations, which increases the O-H bond polarization.** More-
over, the molecules being highly confined into the interlayer
space (about 2.5 A), the recombination of reactive species and
formation of H, molecules could be favored.

At higher RH, from 11% to 74%, the H, radiolytic yield is first
stable (11-43% RH) and then decreases slightly, but still
remains higher than in bulk water.

In this RH range, more water molecules penetrate in the
interlayer space (=5 A) where globally two water layers are
observed. The confinement effect becomes less pronounced

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) H, radiolytic yields as a function of the relative humidity for

synthetic montmorillonite () and saponite (®). The value obtained in
liquid bulk water is given as a comparison (4.5 x 1078 mol J™) to
unravel the specific behavior of confined water. (b) dgo; distance as
a function of the relative humidity obtained for synthetic montmoril-
lonite (M) and saponite (®). No value for montmorillonite at 3% RH is
given here, as the assignment of the peaks was unlikely in this case. For
the montmorillonite at 43% RH, two peaks were obtained that account
for the simultaneous presence of 1 and 2 water layer(s) in the interlayer
space (see SI-37).

and the recombination of hydrogen atoms is less efficient.
Adsorbed water molecules are also present. Above 74% RH, the
H, radiolytic yield remains constant. The water molecules being
organized in two water layers in the interlayer space, a fraction
of water molecules exhibits a bulk-like behavior***” and direct
radiolysis of water also takes place. Indeed, the water mass
percentage is about 20% in the most hydrated samples (Fig. 2c
and d).

Electron paramagnetic resonance experiments to identify the
radical defects created upon irradiation

Only paramagnetic defects are detected by EPR in irradiated
samples. Contrary to our previous results on talc,* these defects

This journal is © The Royal Society of Chemistry 2017
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are not stable and only observed at low temperatures. The
spectra obtained at 90 K for both clays with various water
contents look very similar (Fig. 4 for montmorillonite; the
spectra obtained for saponite are given in SI-6t). This is an
additional evidence that the reaction mechanisms under
ionizing radiation are very similar, whatever the charge location
in the layer of the swelling clay. Thus, only the spectra of
montmorillonite will be discussed in further details afterwards
(see SI-67F for saponite results). At 0% RH (i.e., the driest system,
Fig. 4a), radical H' atoms (i.e., electron trapped on a proton) are
detected. Their signal consists of a doublet centered at gesr =
2.026 with a hyperfine splitting of 50.3 mT.**” Note that the
actual g-value of this centre differs from the effective one
because of the relatively high value of the hyperfine interaction
(with respect to Zeeman splitting). The g-value (~2.002) ob-
tained at a second order perturbation level®® is similar to
previously reported values for H" atoms in other irradiated clay
minerals.>*>* A superhyperfine structure is observed, due to the
proximity of nonzero nuclear spin atoms such as *>Mg.>*** The
central part of the spectrum displays an overlap of spectra
related to six distinct paramagnetic centers, labelled from (1) to
(6) (Fig. 4d, Table 1). A tentative identification of these centers
can be done from measured EPR parameters (g-tensor principal
values), based on literature data.>****°

The centers (1) and (4) are attributed to “-MgO ” ion-
radicals in different environments arising from the lysis of the
MgO-H bond, as already observed in MgO samples*™° and in
synthetic talc.** It corresponds to a hole located on an oxygen
atom not bonded to silicon and linked to magnesium atoms.
Using formal ionic charges, the defects detected by EPR are

o}
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Fig. 4 EPR spectra of synthetic montmorillonite at (a) 0% RH, (b) 11%
RH and (c) 97% RH irradiated at 15 kGy. The g-values are effective ones.
The spectra are recorded at 90 K. (d) Experimental data (black dots) of
montmorillonite 0% with the corresponding fit (black line) together
with the six components of this fit. Corresponding g values are
summarized in Table 1.
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Table 1 g-Values of the 6 defects identified in Fig. 4(d) according to the simulation of the experimental data
Center 1) () (3) (4) (5) (6)
g 1 2.0365 2.0145 1.9965 2.0495 1.9920 2.0035

I 2.0028 2.0210 2.0035 1.9885 2.0260
Attribution -0~ Unknown Trapped e~ -0~ Trapped e~ Unknown

more explicitly described as —(Mg>"),(O°") where n is the
number of Mg atoms coordinated to the oxygen.*® Except in the
description of reaction mechanisms, this defect will be referred
to as -O" " hereafter. The isotropic signal at g = 1.9965 (center
(3)) was also observed in synthetic talc (g = 1.996)** and is
attributed to a trapped electron according to its g value lower
than g. = 2.0023 for the free electron. Similarly, the center (5)
displays a g value lower than the one of the free electron, indi-
cating a trapped electron in a non-isotropic configuration. The
remaining last two centers (2) and (6) are present in both irra-
diated montmorillonite and saponite (Fig. 4a and SI-6%).
Although not fully identified, they share some similarity with O
hole centers located on the Si-O bond of other clay samples
such as kaolinite or natural montmorillonite.>® Unfortunately,
under our experimental conditions and due to the instability of
defects at room temperature, we were not able to perform
angular variation experiments. Therefore, a more detailed
assignment of the defects was not possible.

When the relative humidity increases, the EPR spectrum
changes drastically (Fig. 4b). At 11% RH, hydrogen atoms are no
longer detected and the signal of the defects is clearly modified.
Centers (1) and (4) (corresponding to -O"") and (6) are still
present; whereas the three other defects are hardly detected.
According to those results, the -O"~ ion-radicals are still formed
but not in the same proportion as at 0% RH. At 97% RH, with two
water layers in the interlayer space (Fig. 4c), H' radicals are
detected again but without any superhyperfine structure, sug-
gesting that these H' radicals are not in the same environment as
those detected in Fig. 4a. The lack of super-hyperfine structure
leads us to hypothesize that they are located farther from Mg
atoms, potentially in the interlayer space or in the ditrigonal cavity.

The six centers described in Fig. 4a are still present but their
spectrum is superimposed to broad signal centered around g =
2.025. The width of this new signal likely originates from
magnetic interactions between the centers, suggesting that it is
related to some clustering of the defects.

The EPR spectra thus evidence that reaction mechanisms are
very sensitive to the water content of the samples. For example,
-O"" centers (1) and (4) have their respective intensities that
greatly change in proportion with RH. Globally, the intensity of
the EPR spectra, normalized to the sample mass, decreases
when RH increases. Fig. 5 shows the evolution of the intensity of
the EPR signal with RH for both samples. Spectra are normal-
ized with respect to the same sample mass. Relative humidity
has an important impact on the nature and the amount of the
created defects. The decrease of the amount of defects with RH
highlights the protective effect of water on the formation of
defects, as already observed in the case of nanoporous silica.?

530 | RSC Adv., 2017, 7, 526-534

Picosecond pulse radiolysis experiments

A more thorough understanding of the first stages of reactions
issued from the ionizing radiation-matter interaction can be
obtained from pulse radiolysis experiments. As stated in the
experimental section, the production of films that are thick
enough but remain optically transparent is a prerequisite for
that kind of experiments and has been achieved only for natural
swelling clay samples (montmorillonite and beidellite) with
similar difference in charge location as the natural ones. This
allows us to compare the short time reactivity in the two natural
samples, which still display a different charge location in the
structural layers. As the observed signal is very weak and, in
order to increase the signal/noise ratio, it was chosen to work at
782 nm, which is the fundamental wavelength of the laser.
Moreover, this wavelength range (700-800 nm) is known to be
characteristic of the signature of the solvated electron in
water.”>*® The kinetics, depicted in Fig. 6, is thus attributed to
the decay of the electron. Fig. 6a presents the evolution of
normalized absorbance at 782 nm for both montmorillonite
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Fig.5 EPR spectrum of (a) synthetic montmorillonite and (b) synthetic
saponite at 0%, 11% and 97% RH irradiated at 15 kGy. The spectra are
recorded at 90 K. Spectra are normalized with respect to the same
sample mass and reported as a function of effective g-values.
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Fig.6 (a) Normalized absorbance at 782 nm of the electron decay and

corresponding fits for natural swelling clays: Arizona montmorillonite
(upper part) and beidellite (lower part) at two relative humidities. The
corresponding time constants are 180 + 30 ps for the montmorillonite
from Arizona and 100 =+ 10 ps for beidellite. The fits do not depend on
RH. (b) Absorbance at 782 nm of the electron decay in natural bei-
dellite at 97% relative humidity showing the very low values of the
measured absorbance (0.006 at the maximum).

from Arizona and beidellite at two different relative humidities
whereas Fig. 6b highlights the low absorbance value obtained
for these systems. For each sample, relative humidity has no
significant influence on the electron decay: the signals are very
similar and the characteristic time constants are the same,
whatever RH. This suggests that the detected electrons are
formed and trapped within the layer.

Moreover, electrons decay very quickly (a few hundreds of
ps), as compared to a few microseconds in bulk water.>*** They
are quickly trapped in the material, likely by impurities such as
Fe®*. This interpretation is consistent with the lack of relation
between the water content and the kinetics. It is also consistent
with the shorter time (100 &+ 10 ps) measured in beidellite as
compared to montmorillonite from Arizona (180 + 30 ps). Bei-
dellite indeed displays a higher amount of Fe** (about 32%
more) than montmorillonite. Noteworthy, the reduction of Fe®**
is difficult to observe by EPR. Nevertheless, the behavior of the
two samples remains relatively close. As stated above, the
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location of the charge in the clay structure does not seem to
have a major influence on its reactivity neither at short time
(ultra-fast spectroscopy with natural samples) nor at long time
(radiolytic yields and EPR experiments for synthetic samples).
The reactivity appears to be mainly controlled by transition
element impurities in the natural samples and by the water
amount in the synthetic samples. The nature of the swelling clay
itself plays a less important role.

Discussion

Synthetic montmorillonite and saponite exhibit the same
evolution of their dihydrogen radiolytic yield (Gy,) with RH
(Fig. 3). All our experimental data evidence that, for the
synthetic samples, the H, radiolytic yields are mainly controlled
by the amount and the nature of water, and not by the
composition of the sheets.

The hydration state of swelling clay minerals can be ratio-
nalized thanks to literature data.*® At very low relative humidity
(from 0.1 to 2%), water molecules are adsorbed at the edge or at
the surface of sheets and they hydrate cations at the external
surfaces of sheets. These first water molecules are strongly
bonded. For one water layer, cations and water molecules are
usually located in the interlayer midplane.*****” They interact
with the cations and are not prone to form inter-molecular
hydrogen bonds at low RH.*® The corresponding concentra-
tion of the compensating cation is very high (more than 10 mol
L~ "). Nevertheless, the sodium cations are not reactive towards
the electron. The introduction of additional water molecules
will then enable the formation of a H-bond network in the inter-
layer space. They exhibit infrared spectra similar to those of
bulk water with a maximum around 3400 cm™ " for the O-H
stretching band.* At the highest RH (>70%), another type of
water molecule occurs in the intergranular porosity,* i.e. the
space between the clay particles. They exhibit a “bulk water”
behavior.

At 0% relative humidity, one water layer is present (Fig. 3b)
but it consists of “bonded water” as proven by TGA in Fig. 2c
and d. This leads to a radiolytic yield lower than the one in bulk
water but consistent with values obtained in synthetic talc*
(Mg3Si4040(OH),), which is a TOT clay mineral without water
molecules in its interlayer space ((2.9 & 0.3) x 10~° mol J7 ).
These bonded water molecules together with structural ~-OH
groups lead to H, yield similar to that of talc which possesses
only structural hydroxyl groups and possibly some water
molecules adsorbed on the border of sheets.

Upon irradiation, electron/hole pairs
generated:

(e7/h")>Y are

ionizing radiation

Clay e”+h* (rR1)

Electrons can be trapped in the structure as proven by EPR
spectroscopy (Fig. 4a):

_ clay structure

€ ———Cuap (RZ)
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As in talc,** a source of hydrogen is dissociative electronic
attachment on -MgOH, leading to the formation of -MgO™ that
is not detectable by EPR (R3). Moreover, the hole leads to the
formation of the -O"~ defect and of H' (R4) that can lead to the
formation of the hydrogen atom after reduction (R5). Hydrogen
atoms dimerize then into H, (R6).

e +-MgOH — -MgO™ + H” (R3)
~(Mg*") (O’ )(H") +h" — -(Mg*")(O") + H" (R4)
e +H" - H (R5)

H' +H — H, (R6)

Noteworthy and contrary to talc, the presence of the water
molecules in the interlayer space destabilizes significantly the
defects detected by EPR. This may be attributed to a fluctuation
of the local electric field. Indeed, in talc, the defects are stable at
room temperature. Even the hydrogen atoms are stable at 300 K
for few days.* In the present case, the defects are detected in the
temperature range 90-240 K but are no longer present at 300 K.

When RH increases, the contribution of water molecules to
the H, yield, in addition to the one of -OH groups and bonded
water molecules, is revealed.

From 3 to 11% RH, the water layer in the interlayer space
exhibits a very specific behavior. Indeed, the O-H bond is
weakened by electronic impoverishment. So, during irradiation,
this confined water having only a few degrees of freedom is
easily broken by efficient energy transfer (i.e. electron transfer
here) mechanisms from the layers to the interlayer space (as no
transition element impurities are present). Electron and hole
can migrate in the interlayer space where the first is hydrated
whereas the other can react with confined water:

e + H,O — ey (R7)

h* + H,O0 —» H" + HO" (R8)

Solvated electron and hydrogen radical formed in the clay
structure can react to form dihydrogen (R6):

€q +H" —» H +H,0 (R9)
€aq t+€q — H,+2HO™ (R10)
€q +H — H,+HO™ (R11)

All these reactions are favored by the confined geometry (2.5 A)
in one direction. This change in reaction mechanisms is reflected
by the change in EPR spectra when increasing RH (Fig. 4a and b).
The presence of free water (Fig. 2) destabilizes the hydrogen atom,
even it is formed within the layers, and it is no longer detected
(Fig. 4b). Noteworthy, trapped electrons are not present at 11%
RH (Fig. 4b). This proves that they have been efficiently trans-
ferred to the interlayer space. Water has indeed an impact on the
relative amount of the defects created in the layers, such as -O"".

When RH increases from 43 to 97%, a second water layer is
present in the interlayer space. The environment is less
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confined (interlayer spacing about 5 A), making those previous
mechanisms less efficient. Moreover, the radiolysis of adsorbed
water molecules will also take place. Hence, dihydrogen radio-
Iytic yields decrease to a constant value comparable to the bulk
water value. Again, EPR spectra evidence a change in the reac-
tion mechanisms (Fig. 4c). Even if the presence of a broad
paramagnetic component complicates the interpretation,
hydrogen atoms are clearly detected. They may be formed in the
interlayer space, and no longer in the phyllosilicate layers. The
detection of these hydrogen atoms indicates a stabilizing role of
the clay compared to what is observed in other materials.
Nevertheless, they are only detected at low temperatures,
contrary to the case of talc,>* which has no water molecules.

In synthetic swelling clay minerals the reactivity is thus
controlled by the water amount, as the energy transfer from the
materials to the interlayer space is total. It is not the case in
natural swelling clay minerals where the presence of impurities
as Fe’" decreases markedly the efficiency of the energy transfer
by trapping electrons. This is evidenced in Fig. 6, where the
trapping of electrons takes place in hundreds of ps after the
electron pulse, depending on the Fe** content, whereas in bulk
water, the lifetime of the electron is a few microseconds.
Indeed, as measured in natural montmorillonites from Camp-
Berteau® where Fe*" is present, the H, radiolytic yield is always
smaller than the value in water. Thus, the efficient trapping of
electrons by trivalent iron ions prevents the dihydrogen
formation, as Fe*" is known to be a good scavenger of the pre-
solvated electron:

Fe** +e” > Fe* (R12)

Concerning the geological disposal, the use of a natural
swelling clay, that has good water retention properties to avoid
the leak of nuclear waste, with a high Fe** content seems to be
recommended to avoid dihydrogen production. Nevertheless,
the reduction of structural trivalent iron in smectite by (bio)
chemical reactions is known to increase layer charge and cation
exchange capacity, albeit with decreasing swelling capacity
owing to some collapse of layers, particularly in the case of K
fixation.® If such results are confirmed in the case of the radi-
olytical reduction of iron (electron displacements inside the
layer), then the corresponding evolution of properties will have
to be taken into account in the safety assessment of nuclear
waste disposals. In addition, as the H, radiolytic yield increases
with RH in natural samples,” the production of H, will be
minimized if the RH can be kept as low as possible.

Conclusions

We have studied here the behaviour under ionizing radiation of
two prototype synthetic swelling clay minerals (montmorillonite
and saponite). The evolution of the radiolytic yield is strongly
dependent on the relative humidity: it increases from a value
comparable to the one obtained in synthetic anhydrous clay
minerals® to a maximum value (more than twice the value in
bulk water) and then decreases but remains slightly higher than
the value in bulk water, due to the lowering of the confinement

This journal is © The Royal Society of Chemistry 2017
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effect. The high values measured highlight the great efficiency
of the energy transfer from the sheets to the interlayer space and
the strong recombination of reactive species (hydrogen atoms)
within the highly confined interlayer space. Moreover, the H,
yields measured are very similar in both clay minerals: energy
transfer is very efficient and the reactivity is driven by the water
amount, not by the location of the excess negative charge.

This picture is quite different in natural swelling clay
minerals. In this case, we have shown through picosecond pulse
radiolysis that electrons are quickly (100-200 ps) trapped by
transition element impurities inside the layers. In natural
systems, the reactivity is driven by the amount of the impurities
that are able to trap the electrons.

Concerning the radiolytic production of H,, the best choice
for swelling clay minerals as engineered barrier for deep
geological disposal of nuclear wastes is natural clay minerals,
with a significant content in Fe®" that will trap electrons and
prevents their transfer to the interlayer space. In this case, the
RH has to be as low as possible to minimize the H, production
under ionizing radiation.
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