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Understanding radiolytic Hy production in irradiated cement is crucial for nuclear waste safety, yet the role of
solid cement phases remains unclear. This study examines the behavior of model minerals —-tobermorite 11 A
(CasSig017.5H20) and tobermorite 9 A (CasSic016(OH)2)- under electron irradiation. When fully dried, these
minerals retain only crystallization water or structural hydroxyl groups, respectively. The results reveal that
while crystallization water decomposes under irradiation, it does not lead to Hy formation, as hydrogen atoms
react with radiation-induced defects to form SiO-H bonds. In contrast, tobermorite 9 A produces H, only when
surface SiO-H bonds are present, indicating that radiolytic dihydrogen arises from surface bond breakage, while
the cleavage of the bonds in the material does not ultimately lead to Hy production. These findings enhance our

understanding of irradiation effects on cementitious materials, aiding in the assessment of their long-term sta-

bility in nuclear waste storage.

1. Introduction

Although nuclear energy is carbon-free, it generates nuclear waste
that needs to be packaged. Cement matrices can be used for this.
However, direct exposure of cement to radionuclides may result in the
production of radiolytic Hy and pose a risk to the safety of facilities.
Accordingly, a detailed understanding of the reaction pathways leading
to dihydrogen production in these materials under irradiation is essen-
tial. During the hydration of cement, some of the water added to prepare
the cementitious material is consumed to form new hydrated chemical
compounds with binding properties. Of these, calcium silicate hydrate
(cementitious C-S-H) is the majority phase [1]. The water present in the
solid phases is referred to as bound, while the residual liquid water
present in the porosity is known as free water. In general terms, radio-
lytic Hp is considered to be derived mostly from the decomposition of
free water, and the radiolysis of chemically bound water in solid phases
is overlooked [2]. However, the fate of the dihydrogen formed, such as
its recycling reactions, may be very different depending on whether it is
produced in water or in the solid. This distinction is particularly
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important in the case of cementitious materials, which are heteroge-
neous composites where pore water interacts intimately with solid hy-
drates [3]. Moreover, our results highlight the previously
underestimated contribution of solid phases to radiolytic dihydrogen
production, underscoring the necessity of studying these phases in detail
[3]. Thus, the radiolysis of cement hydrates, such as portlandite (Ca
(OH)5), has been shown to generate Hy [4,5]. These findings challenge
the conventional assumption that solid components within cement
matrices play a negligible role in radiolytic hydrogen production.
Table 1 summarizes key literature data on H, generation from irradiated
cement pastes. The wide variability in the reported apparent radiolytic
yields suggests that both the origin of the materials and the thermal
treatments applied significantly influence Hy production, further sup-
porting the need for a systematic investigation into the role of specific
solid phases.

The measurements undertaken by Le Caér et al. [7] and Ishikawa
et al. [8] on previously-heated pastes (Table 1) show an Hy production
that clearly drops when the relative humidity decreases or the heat
treatment temperature is higher. These observations suggest that, in
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Table 1
Radiolytic yields of Hy production measured in several studies on irradiated
cement pastes and calculated relative to the total mass of the samples.

Sample Treatment Ionizing G(Hz) x 108 Reference
prior to radiation (mol-J 1)
irradiation

C-S-H: Ca/Si=1.4  Freeze-dried Electrons 3.3 [6]
"RH=30% (10 MeV) 3.6 (61

Cement paste T=110°C Electrons 0.3-0.5 [7]1
(containing then"RH = 0 (10 MeV)
cementitious %

C-S-H and T =110°C Electrons 1.3-2.3 [7]
portlandite) Then"RH = (10 MeV)
11 %

Cement paste T=120°C v (®°Co) 0.06" [81°
(containing T =40°C 1.4° [81*
cementitious
C-S-H and
portlandite)

Cement paste v (°°Co) 3.4 [91
(containing
cementitious
C-S-H and
portlandite)

Cement paste Y (60C0) 1.0 [10]
(containing
cementitious
C-S-H and
portlandite)

C3S paste No treatment v (°°Co) 2.5 [3]
(containing T=21°C
cementitious
C-S-H and
portlandite)

@ In the case studied by Ishikawa et al. [8], radiolytic yields were recalculated
to take account of the total mass of the samples.

Y RH = Relative Humidity.

¢ Value after subtracting the contribution of pore water.

previous studies, the majority of the detected H likely originates from
the radiolysis of free water -either as pore water or surface-adsorbed
water. However, the precise contribution of solid phases remains un-
certain, as it is unclear whether free water was fully removed from the
cement pastes in those experiments. Similarly, the extent to which the
mineral phases within the cement pastes were altered by thermal
treatment is unknown. These uncertainties highlight the critical need for
well-characterized systems to accurately assess the role of solid phases in
radiolytic hydrogen production. It follows that, in a cementitious ma-
terial, it is important to identify the contribution of cementitious C-S-H
to Hy production under irradiation. Whereas it has been possible to
highlight this contribution for portlandite [4,5], it is not currently
known for cementitious C-S-H, which nevertheless represents the ma-
jority phase of cement and a substantial reservoir of chemically bound
water. Unlike portlandite, which contains only water of constitution
(O-H bonds), cementitious C-S-H contains water of constitution and
water of crystallization (water molecule occupying a defined crystallo-
graphic site) [11]. Needless to say, the existence of two types of
chemically-bound water (water of constitution and water of crystalli-
zation) raises the question of their respective contributions to the pro-
duction of Hy under irradiation.

In this context, it is particularly relevant to investigate minerals
respectively with one of these two types of water. Moreover, the
modeling of cementitious C-S-H, a cryptocrystalline material, by crys-
tallized C-S-H appears natural. Accordingly, tobermorite 9 A
(CasSigO14(0OH)5), tobermorite 11 A (CasSis017.5H,0) and tobermorite
14 A (CasSic016(0OH),.7H,0) may be thought of as “analogs” of
cementitious C-S-H [12-17]. Investigating the radiolysis of these dry
crystalline phases requires a controlled desorption step to remove
surface-adsorbed water. However, due to the well-documented ther-
mo-hydric instability of tobermorite 14 A [18-21], we focused our study
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on the more thermally stable tobermorite 11 A, which contains only
crystallization water. We also included tobermorite 9 A, obtained by
thermally transforming tobermorite 11 A, as it contains only constitu-
tional water while preserving a closely related crystal structure (see
Diagram 1).

The aim of this study is threefold: (i) to synthesize 11 Aand 9 A
tobermorite and prepare them in a desorbed state, free of surface-
adsorbed water; (ii) to quantify the radiolytic production of dihy-
drogen from each phase under ionizing radiation; and (iii) to elucidate
the underlying mechanisms by determining how ionizing radiation in-
teracts with crystallization water and constitutional water, respectively.

2. Materials and methods
2.1. Synthesis of materials

Tobermorite 11 A, with the chemical formula CasSigO17.5H20, was
made by adding 4.317 g of tricalcium silicate C3S (Mineral Research
Processing, >99.8 %) [23] and 2.954 g of colloidal silica (Evonik aerosil,
>99.8 %, specific surface area 200 m? g!) in a 200 cm® hydrothermal
reactor. The quantities of materials introduced were chosen so that the
molar ratio Ca/Si is equal to 5/6. A quantity of pure water (18.2 MQ cm)
was also introduced for obtaining a solid/liquid (mass) ratio equal to 20.
The introduction of the reagents and the sealing of the reactor were
performed in a glove box purged under a flow of Nj in order to avoid
carbonation phenomena. Once the reactor was sealed, it was heated to
140 °C (p(H20) = 36 bar) for a period of 7 days. The resulting powder
was then filtered, washed with pure water, and dried under a nitrogen
flow for 48 h.

Tobermorite 9 A (riversideite) with the formula CasSigO16(OH),
was produced by dehydration of tobermorite 11 A. To do this, tober-
morite 11 A was heated to 290 °C in ambient air for 2 days. This
transformation is irreversible. This step removed 4 molecules of water of
crystallization and led to a contraction of the interlayer distance, which
droped from 11.3 A t0 9.6 A. The contraction of tobermorite 11 A (T11)
into tobermorite 9 A (T9) occurs without the formation of secondary
phases. The transformation is complete, resulting in the exclusive
presence of T9. Heating T9 at 300 °C does not induce structural damage,
as this is precisely the temperature required for its formation from T11.
This temperature represents the minimum needed for complete
contraction; at temperatures above 500 °C, however, T9 undergoes
degradation due to the loss of structural water. Notably, the contraction
process inherently generates numerous crystallographic defects. Com-
parison of the X-ray diffraction patterns of T11 and T9 confirms a
decrease in crystallinity for T9, as evidenced by fewer and broader
diffraction peaks (see Fig. S1 in the Supporting Information).

2.2. Characterization

The products obtained were characterized by means of X-ray
diffraction (see Fig. S1 in the SI). 29gi NMR analyses were carried out to
obtain information about the atomic connectivity of the materials (see
Fig. S2 in the SI).

2.3. Irradiation

Irradiations of tobermorite powders were performed in sealed Pyrex
glass ampoules with a volume approximately equal to 10.5 mL. The
ampoules were filled with approximately 300 + 10 mg of powder, which
was weighed with precision in advance. The ampoules were then filled
with 1.60 bar of ultra-pure argon (99.9999 %). Prior to irradiation, heat
treatment was applied directly to the materials in order to desorb the
water (see paragraph below). The irradiations were performed with 10
MeV accelerated electrons delivered by the ALIENOR linear accelerator
[24]. This accelerator delivers 10 ns pulses providing a dose of
approximately 25 Gy (1 Gy = 1 J x kg™}) per pulse with an uncertainty of
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Diagram 1. Diagram of the two tobermorites: (a) T11 and (b) T9. Drawings made using VESTA software [22].

around 5 %. The pulse frequency was restricted to 5 Hz to prevent the
samples from heating. Given the stopping power of electrons in crys-
tallized C-S-H and water (ESTAR program [25]), the dose received by
the crystallized C-S-H was considered to be, to within 10 %, the same as
that received by the water and measured by Fricke dosimetry [26]. More
experimental details can be found in Ref. [27].

2.4. Heat treatments

Vacuum heat treatments were carried out directly in the irradiation
ampoules to eliminate the adsorbed water so that it was possible to study
only the Hy produced due to the irradiation of the material itself. The
aim was also to avoid any contact between the powder and the atmo-
sphere. The ampoules were placed in tubular ovens and connected to a
vacuum pump. Two vacuum levels were employed. The primary vacuum
(P.V.) is consistent with a vacuum between 0.1 and 1 mbar. The sec-
ondary vacuum (S.V.) is consistent with a vacuum of approximately 8
%10 mbar. Unless otherwise stated, the heat treatments were carried
out for 16 h. The choice of temperature implies knowledge of the various
temperatures at which chemically bound water disappears. Accordingly,
thermogravimetric analyses (TGAs) were carried out on the crystallized
C-S-H powders.

2.5. TGA analyses

Thermogravimetric analysis (TGA) experiments were performed to
control the purity of the tobermorite powders (the presence of carbon-
ate) and to identify their thermal stability range. The experiments were
carried out using a Mettler-Toledo TGA/DSC 1 thermogravimeter under
nitrogen flow at a flow rate of 50 mL min™’. A 70 pL aluminum oxide

crucible was filled with approximately 20 mg of powder. The tempera-
ture was raised from 30 °C to 850 °C at a rate of 5 °C.min". Given the
extremely high quantity of adsorbed water, which may represent from 5
% to 10 % by mass of the materials prior to heat treatment, the mass
variations recorded were compared to a theoretical mass (my,), equiv-
alent to the mass of the product without adsorbed water (Eq. (1)). This
theoretical mass was calculated using the experimental final mass mgnq
and the theoretical ratio of the molar masses of the final product Mfinq
and the initial product My;tiqt (Eq. (2)). Needless to say, this method
involves knowing the stoichiometry of the final and initial products.

T)

TGA (T)result = Mesperinencat(T)

x 100 Eq. 1
mey, d

Minitial

My = Mfing X
Mﬁnal

Eq. 2
It should be noted that this approach results in an initial mass
exceeding 100 % in the presence of adsorbed water or carbonate.

2.6. Measuring Hy production using gas-phase chromatography (u-GC)

The Hj production after irradiation was quantified by micro-gas-
phase chromatography (the pGC-R3000 SRA instrument). Ultra-pure
argon (99.9999 %) was used as the carrier gas for the analysis. The
detection limit of Hy was10 ppm. Following each analysis, the ampoule
atmosphere was renewed and filled with 1.6 bar of ultra-pure argon.
This protocol was repeated systematically twice. Several samples were
systematically studied to ensure the reproducibility of the results. The
uncertainty in the quantities of gas detected was assessed by measuring
the standard deviation across the different samples. A minimum intrinsic
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Fig. 1. H, production measurements and radiolytic yield of tobermorite 9 and
11 A in the presence of adsorbed water. Irradiations carried out at room tem-
perature with accelerated electrons of 10 MeV. In tobermorite 11 ;\, the Hy
radiolytic yield is equal to (5.0 + 0.4) x 10" mol.J"}, while it is equal to (4.1 +
0.3) x 10°® mol.J\in tobermorite 9 A.

uncertainty of 7 % was also estimated by propagating the different
sources of error. When the uncertainty per standard deviation was less
than the intrinsic uncertainty, the latter was chosen.

2.7. Electron paramagnetic resonance (EPR) experiments

The EPR spectrometer used was a JEOL JES-X310 with a working
frequency of 8.75-9.65 GHz (X band). The modulation frequency was
100 kHz. The spectra were for the most part recorded with a modulation
width of 0.05 mT, and for 8 or 15 min. The analysis temperature was
varied between —150 °C and 200 °C by means of a thermal regulation
device. The powders to be analyzed were introduced into NMR tubes,
which were then evacuated and sealed. The irradiation of NMR tubes
containing crystallized C-S-H powder resulted in the creation of
radiation-induced defects in the glass. However, irradiation with
accelerated electrons produced localized irradiation, forming defects at
one end of the tube only. The EPR tubes were systematically turned over
after irradiation to avoid any superposition of defects present in the glass
and those generated in the irradiated crystallized C-S-H powders. This
operation meant that the irradiated powder fell into the non-irradiated
part of the tube. EPR measurements performed on a test tube without
any powder were conducted to confirm the absence of defects detectable
by EPR in this part of the tube, and to validate this protocol. The EPR
data were analyzed and processed using EasySpin software (Matlab
Toolbox) [28,29]. Quantification of the species detected by EPR was
carried out in certain situations. This quantification was performed
using irradiated alanine powder containing a known number of spins as
a control sample. Details of the method have been described in a pre-
vious article [5].

2.8. Nuclear magnetic resonance (NMR) measurements

The NMR experiments were performed on a Bruker Avance II NMR
spectrometer operating at a magnetic field of 7.05 T (300 MHz, WB
magnet). The 'H magic-angle spinning (MAS) NMR data were collected
on a 4 mm Bruker CP-MAS probe operating at a spinning frequency of
12.5 kHz. The spectra were measured using the EASY pulse sequence
[30] and the spin echo pulse sequence (acquisition 90-t-180-t, with ©
the echo delay) for suppression of the probe background. The echo delay
 was synchronized with the sample spinning period. The 2°Si MAS NMR
spectra were acquired using: i) rotor-synchronized spin echo (preceded
by a saturation pulse sequence followed by a variable recovery delay); ii)
cross-polarization (CPMAS) from *H nuclei and a typical CP contact time
of 2 ms. The data was acquired using Topspin 3.2 software, and
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Fig. 2. Thermogravimetric analyses of crystallized tobermorite samples; (a)
tobermorite 11 A; (b) tobermorite 9 A. Continuous curves: relative mass vari-
ation; dotted curves: derivatives of mass variation. Measurements carried out
under Ny flow at 50 mL min™ with a temperature rise ramp of 5 °C.min™".

H2Oconst: breakages of two O-H bonds.

processing was carried out using the latest version of a code developed
internally by T. Charpentier [31].

3. Results

3.1. Irradiation in the presence of adsorbed water on the surface of
tobermorites

Tobermorite 11 A and 9 A powders were first irradiated with
accelerated electrons without undergoing any prior desorption treat-
ment. As a result, both samples retained surface-adsorbed water at the
time of irradiation. Fig. 1 shows the evolution of cumulative Hy pro-
duction for the two tobermorites for a dose ranging from 0 to 400 kGy.
The radiolytic yields G(Hs) indicated in Fig. 1 (between 4 and 5 x10°®
mol.J"}, with the tobermorite 11 A having a higher yield than the 9 A)
were measured using the slopes of the lines passing through the origin.
Indeed, it is clear that production levels are beginning to reach a plateau
across this dose range, indicating that the relationship between H,
production and dose is not linear. Generally, this is due to the fact that
Hj (or its precursors) reacts with radiation-induced defects, leading to
so-called H; recycling reactions [4]. The radiolytic yield of Hy produc-
tion is then defined as the initial slope of the gas evolution curve, rep-
resenting the amount of hydrogen generated per unit mass of sample as a
function of absorbed dose. Accordingly, we determined the yield as the
slope at the origin of the curve passing through the first experimental
data point; this slope is indicated by a dashed arrow in Fig. 1 (and also in
Fig. 4, see below). The values of G(H,) measured for tobermorite 11 A
and 9 A are similar to those measured on cement pastes containing free
water (Table 1). We should remember, however, that these high values
are in large part due to the presence of adsorbed water on the surface of
the minerals.

3.2. Desorption treatment

As previously discussed, tobermorites containing surface-adsorbed
water exhibit significant radiolytic Hy production (Fig. 1). To isolate
and investigate the specific contribution of chemically bound water -i.e.,
crystallization or constitutional water- it is therefore essential to
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Fig. 3. Comparison of untreated tobermorite 11 A with tobermorite 11 A
treated for 16 h at 180 °C under secondary vacuum (S.V.). (a) Comparison of
the XRD patterns of the untreated tobermorite 11 A (blue line) and the treated
tobermorite 11 A (red line). (b) Comparison of the TGA profiles and the cor-
responding derivatives (dotted lines) of the untreated tobermorite 11 A (blue
line) and the treated tobermorite 11 A (red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. Measurement of the radiolytic yield of H, production of tobermorite 11
A and tobermorite 9 A irradiated by accelerated electrons after different heat
desorption treatments under secondary vacuum. The radiolytic yield is defined
as the slope at the origin of the curve. In tobermorite 9 A heated at 180 °C under
secondary vacuum, the H, radiolytic yield is equal to (1.2 & 0.1) x 10 mol.J™},
while it is below 3 x 10™'° mol.J"! in the other cases.

eliminate any surface-adsorbed water prior to irradiation. Among the
methods tested, vacuum heat treatment proved to be the most effective,
as alternative approaches did not yield conclusive results. Furthermore,
this method has already been successfully employed in the case of por-
tlandite, providing a reliable precedent for its application to C-S-H
analogs such as tobermorite [4]. However, a careful balance must be
struck when selecting the desorption temperature: it must be high
enough to ensure effective removal of surface-adsorbed water, yet low
enough to preserve the structural integrity of the minerals. To guide this
choice, thermogravimetric analyses (Fig. 2) were performed, providing
insight into the thermal stability of the chemically bound water in both
tobermorite phases.

The initial masses, significantly greater than 100 % of the theoretical
mass (Eq. (2)), and the strong mass variations recorded between 30 °C
and 110 °C, reflect the substantial presence of adsorbed water on the
surface of the samples. Furthermore, the slight mass variations recorded
above 700 °C indicate a very low carbonate content. According to
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Fig. 2a, tobermorite 11 A dehydrates in successive steps, which is
consistent with the results in the literature [32,33]. Thus, an initial
dehydration step, starting at 130 °C and characterized by a significant
mass variation peak at 180 °C, is attributed to the loss of two crystalli-
zation water molecules. A second, broader peak at 320 °C is associated
with the loss of two additional crystallization water molecules. This
second step also marks the conversion of tobermorite 11 A into tober-
morite 9 A. A final mass variation at 560 °C, also visible as a peak at 600
°C on the TGA of tobermorite 9 A (Fig. 2b), shows the dehydroxylation of
SiO-H bonds and the loss of constitution water.

Tobermorite 9 A is a mineral that is highly resistant to temperature.
In fact, dehydroxylation only occurs above 400 °C under TGA conditions
(Fig. 2b). Two different desorption treatments were tested to eliminate
adsorbed water from the surface of this mineral. In the first, heating was
applied at 180 °C under secondary vacuum (S.V.). In the second, the
mineral was heated to 300 °C, also under secondary vacuum (S.V.). The
samples obtained are called T9-180 and T9-300 respectively. Treatment
at 300 °C ensures the dehydroxylation of surface SiO-H bonds. How-
ever, a TGA analysis carried out on a sample of T9-300 showed that the
mineral still contains a large quantity of SiO-H bonds (see Fig. S3 in
Supporting Information).

Tobermorite 11 A (Fig. 2a) is much more sensitive to temperature
than tobermorite 9 A (Fig. 2b); this is due to the presence of water of
crystallization. It follows that it is not possible to heat tobermorite 11 A
above 130 °C without removing some of the crystallization water
(Fig. 2a). A heat treatment at 125 °C, performed under primary vacuum
for 48 h, was first tested on the tobermorite 11 A samples. However, the
irradiation of these samples leads to Hy production identical to that of
the untreated samples (see Fig. S4 in Supporting Information). This
treatment is not enough, therefore, to remove all the adsorbed water on
the surface of the tobermorite 11 A. Nevertheless, the application of a
secondary vacuum during the heat treatment unexpectedly increases the
thermal stability range. Thus, tobermorite 11 A samples heated to 180
°C under secondary vacuum exhibit the same XRD pattern as untreated
samples (Fig. 3a) and the same TGA profile (Fig. 3b). This shows that
these two samples share the same structure and amount of crystalliza-
tion water, with the adsorbed water removed in the first case. The
heightened stability of tobermorite 11 A when heated in the presence of
a high vacuum thus allows efficient desorption of samples without
chemically altering the mineral. Subsequently, the tobermorite 11 A
heated to 180 °C under secondary vacuum will be called T11-180. An
explanation can be put forward to account for this stability under high
vacuum. In fact, the progressive dehydration of tobermorite 11 A in-
volves a contraction of the interlayer space and its progressive trans-
formation into tobermorite 9 A. It is possible that the contraction stage is
energetically more costly under a high vacuum. This extra energy cost
might lead to a higher transition temperature, enabling the crystalliza-
tion water molecules to withstand higher temperatures than at atmo-
spheric pressure.

3.3. Measuring H, production in dry tobermorite samples

Both tobermorite 11 A (T11) and its thermally transformed form,
tobermorite 9 A (T9), possess surface-adsorbed water when exposed to
air (Fig. 1). To eliminate the contribution of this surface water to
radiolytic Hy production and isolate the effect of chemically bound
water, the samples underwent controlled thermal treatment. Based on
thermogravimetric analysis (TGA, Figs. 2 and 3), which provided critical
information on the thermal stability of chemically bound water in both
tobermorites, appropriate desorption conditions were identified. The
powders were placed in hermetically sealed ampoules and heated under
secondary vacuum to remove the adsorbed water, then directly irradi-
ated -without any re-exposure to air- to ensure a stable, dry surface state
was maintained. For instance, when T9 was treated at 180 °C under
vacuum, the resulting sample was designated as T9-180. This notation is
used throughout the remainder of the text.
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Fig. 5. EPR spectra of a tobermorite 9 A sample (blue curve, T9-180) and a tobermorite 11 A sample (red curve) irradiated at 20 kGy in liquid nitrogen by accelerated
electrons. Spectra recorded at —150 °C and a power of 1 mW. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Fig. 4 shows the radiolytic Hy production, between 0 and 400 kGy
derived from samples of T9-180, T9-300 and T11-180. It is clear that the
Hj production is much lower than the production measured on the un-
treated minerals (Fig. 1), which confirms that the presence of adsorbed
water is largely responsible for the Hy production observed in Fig. 1.
According to Fig. 4, the T11-180 sample does not produce H; detectably
under irradiation. On the other hand, the T9-180 still shows significant
Hjy production. Note that in our case, since T9 is derived from heating
T11 (see the Materials and Methods section), the nature and impurity
levels are the same in both cases. Therefore, any differences in Hy pro-
duction are not attributable to variations in impurity concentrations or
nature, but to the change of the material itself. Note, too, that the Hy
production for T9-300 is also undetectable by p-GC. Undetectable Hy
production corresponds, under our experimental conditions, to a
radiolytic yield G(Hy) less than 3 x 10710 mol.J 1.

This absence of Hy production in T9-300 is interesting in that TGA
analyses indicate that this mineral did not undergo significant dehy-
droxylation of the SiO-H bonds located in the volume of the material.
The difference in behavior between the T9-180 and T9-300 could,
therefore, be linked to modifications at the surface state of the samples.

3.4. Electron paramagnetic resonance (EPR) analysis

To investigate the radical species formed during irradiation and
propose mechanisms responsible for the production or absence of
radiolytic Hj, irradiated tobermorite 9 A and 11 A samples were
analyzed using Electron Paramagnetic Resonance (EPR). Fig. 5 shows
the EPR spectra of T9-180 and T11-180 samples irradiated at 20 kGy in
liquid nitrogen and then observed by EPR at —150 °C.

The spectra in Fig. 5 are similar. In both cases, it is possible to discern
the characteristic doublet of the H' radicals located on either side of a
central region (C.R.) with a wealth of paramagnetic defects, and which
extends from 310 to 340 mT (Fig. 5). In this region and in both cases, two
defects respectively with a component g3 =~ 2.065 and g3 ~ 2.045 for T9-
180 and g3 =~ 2.069 and g3 ~ 2.048 for T11-180, are observed. The peaks
associated with these two components are broad and very flattened; this
suggests that the value of the factor gs follows a distribution law. Defects
with signals with similar shapes have been observed in silica-based
compounds [34-40]. It is reasonable, therefore, to assign the compo-
nents at g3 ~ 2.065 (T9-180) and g3 ~ 2.069 (T11-180) to SiO" radicals
called NBOHCs (non-bridging oxygen hole centers) [34,40]. Other

—— Experimental spectrum
—— Simulation

‘* STH(2) ;  si0* ;
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a \)
— Residual |

e e e
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Fig. 6. Decomposition of the experimental annealing spectrum of a T9-180
sample irradiated in liquid nitrogen at 20 kGy and annealed at —130 °C for
80 min. Top lines: experimental spectrum (blue solid line) and modeling (red
line); middle lines: decomposition of the spectrum into individual signals.
Bottom line: difference between the experimental spectrum and the modeled
spectrum. STH(2) is a defect known as a “self-trapped hole” in which the hole is
shared by two oxygen atoms. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Table 2
Defects making up the simulated EPR spectrum of Fig. 6.
Defect g3 g2 g1 A (MHz) Reference
Sio 2.068 2.007 2.002 (%] [34,40]
STH(2) 2.024 2.011 2.004 (%] [42]
H 2.003 1391

studies, however, suggest that this signal should be attributed to the
peroxide (SiOO’) radical, abbreviated SiO, [34,35]. For the signals at g3
= 2.045 (T9-180) and g5 = 2.048 (T11-180), signals with similar values
have been assigned to the peroxide SiO, radical [36-39]. The existence
of a hole in one of the non-bonding 2p orbitals of an oxygen atom
bonding two silicon atoms Si — O" — Si (one type of self-trapped hole,
called STH(1)) is also a possibility [41]. In general terms, the central
regions are very complex, and it was not possible to obtain a precise
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Fig. 7. Influence of desorption treatment on the EPR spectrum of the tobermorite 11 A sample. Blue curve: untreated tobermorite 11 A sample; red curve: T11-180.
(a) Enlargement of the signal of the H' radicals. For the sake of clarity, only the part of the doublet corresponding to the low field is shown in this figure. (b)
Enlargement of the central region. The samples were irradiated in liquid nitrogen at 20 kGy. Spectra recorded at 1 mW and —150 °C on the two samples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

decomposition of the different signals that they consist of. Note that
there are two types of self-trapped holes. In the first, described above
(STH(1)), the hole is on an oxygen atom, while for the second (STH(2)),
the hole is shared by two oxygen atoms [42]. These two defects have
close g values and are generally both present at low temperatures [42].

One of the key differences between the spectra of the two samples is
the presence of an intense negative signal at g = 1.995 and a positive
signal at g = 2.025 on the T11-180 spectrum (Fig. 5). In a study on the
radiolysis of cementitious C-S-H, Yin highlighted a defect with a similar
shape, and an attribution to a SiO, radical was suggested [6]. However,
irradiation experiments performed on solid water cooled to —196 °C led
to similar signals attributed to hydroxyl HO" radicals [43,44]. In our
case, it seems reasonable to attribute these two peaks to HO radicals
present in T11-180 only.

The H' radicals, observed across the spectra of Fig. 5, are not stable
and gradually disappear when the temperature increases. This insta-
bility is particularly marked in sample T11-180, for which even a tem-
perature of —150 °C is not sufficient to maintain the population of H',
which decreases. A 10-min exposure at —100 °C is enough to eliminate
all of the H present in irradiated T11-180. On the other hand, the H'
radicals are more stable in T9-180, and a temperature of —150 °C is low
enough to stabilize the population of H' radicals. Measurements of the

disappearance kinetics of the H radical were then performed at various
temperatures in the T9-180 (Fig. S5 in Supporting Information). These
experiments demonstrated that the decay of hydrogen atoms follows a
second-order kinetics. The temperature of —130 °C may be thought of as
the stability limit of the H" radicals, and the population begins to decay
slowly at this temperature (—10 % in 1 h, see Fig. S5 in Supporting In-
formation). The disappearance of the H' radicals in the T9-180 occurs in
conjunction with the disappearance of certain defects in the central re-
gion. Annealing experiments were performed at —130 °C in order to
study the reactivity of H' radicals in this sample. It was then possible to
create a virtual spectrum Sgneqiing (t) by subtraction of the first recorded
spectrum S(t= 0) and a spectrum S(t) recorded at any moment t (Eq.

(3)).
Sannealing (t) = S(t = O) - S(t)

The Sanneaiing(t) spectrum consists of the signals of the radicals that
disappeared during annealing. Fig. 6 shows one Sgnneaing SpeCtrum ob-
tained after an 80 min exposure at —130 °C of a T9-180 sample (blue
curve). This Sgnneqling Spectrum (80 min) consists of the H' radicals and
the defects in the central region that disappeared during the annealing
stage. The central region that this spectrum is made up of is simpler and
it is possible to model it (red curve). This central region is for the most

Eq. 3
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Fig. 8. Comparison of EPR spectra recorded after irradiation at 20 kGy in liquid nitrogen of T9-180 (blue line) and T9-300 (red line). Spectra recorded at —150 °C at
a power of 1 mW. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Comparison of 2°Si CPMAS NMR spectra from a sample of non-irradi-
ated T9-180 °C and a sample of T9-180 °C irradiated at 2.4 MGy. Both spectra
were normalized to the same maximum height. The Q; and Q, sites
are indicated.

part composed of two signals corresponding to the SiO" radical and a
STH (self-trapped hole) radical [42]. A decomposition into individual
signals, performed with the EASY-Spin software, is proposed on the
graphs located in the center of Fig. 6. The values of the Landé factors,
together with their attribution, are summarized in Table 2.

To assess the impact of surface conditions on defect formation, a
comparison was made between spectra recorded for desorbed and non-
desorbed tobermorite 11 A samples. This sample was selected due to its
high Hj production in the presence of adsorbed water (Fig. 1) and zero
production when desorbed by heating at 180 °C (Fig. 4). Fig. 7 shows the
EPR spectra recorded at —150 °C of an untreated tobermorite 11 A
sample (blue curve) containing adsorbed water and that of a T11-180
sample without adsorbed water (red curve). For ease of comparison,
Fig. 7a shows an enlargement of the measured part at low field, focusing
on the signal of the H' radicals, whereas Fig. 7b focuses on the central
region.

Fig. 7a shows that the untreated T11 sample (blue curve) contains
more H' radicals than the T11-180 sample. It should equally be noted
that it has two small satellite signals on either side of the main signal,
signals that are clearly less defined on the T11-180 sample. This suggests
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the existence of H' radicals present in different chemical environments.
It is possible, therefore, that the satellite signals belong to H' derived
from the radiolysis of adsorbed water and located on the surface of the
material. In contrast, the T11-180 exhibits a spectrum consisting for the
most part of a single signal.

The two spectra in Fig. 7b (central region) also have significant
differences. The signals are much more intense in the absence of
adsorbed water, in line with earlier results that show the effect of the
presence of water on the amount of defects produced under irradiation
[39,45]. In particular, the defect leading to the intense peak at g ~ 2.013
on the T11-180 sample (red curve) appears to be almost absent on the
non-desorbed sample (blue curve). This peak at g ~ 2.013 is almost
certainly a result of the presence of STH radicals (Fig. 6). The signal at g3
~ 2.025 and g; ~ 1.995, present in both cases, suggests the presence of
HO' radicals in both samples. The existence of this signal, in similar
proportions in the two cases, indicates that it is located in the volume of
the material.

According to Fig. 4, the T9-180 and T9-300 exhibit Hy production
that is very different under irradiation. In order to explain this differ-
ence, a comparison of the EPR spectra of these two tobermorites is set
out in Fig. 8 below.

First, T9-180 and T9-300 have the same quantity of H radicals. As a
result, hydrogen radicals are produced in T9-300, but they do not result
in the detectable production of dihydrogen. The defects in the central
region are much more intense in T9-300 than in T9-180, as is the case for
T11-180 and untreated T11 (Fig. 7). In particular, the peak at g = 2.014
is much more intense in T9-300 than in T9-180.

3.5. MAS NMR analysis

To investigate the reaction mechanisms occurring under irradiation,
EPR experiments were conducted to identify and characterize the
radical species formed. In parallel, 2°Si and 'H MAS NMR analyses were
performed on samples irradiated at several MGy to gain complementary
insight into structural changes. While EPR reveals the nature of the
transient paramagnetic species, NMR provides information on the evo-
lution of atomic connectivity (see Figs. 9 and 10, as well as Figs. S6 and
S7), shedding light on longer-term structural modifications induced by
irradiation. Fig. 9 shows the effect of irradiation at 2.4 MGy on the 2°Si
CPMAS NMR spectrum of the T9-180. Irradiation at this dose is char-
acterized by a proportion of silicon in Q; that is slightly higher than prior
to the irradiation (Fig. 9), which implies the breaking of Si-O-Si bonds.

4.0

-~ T9-180°C 4.2

— T9-180°C 2.4MGy w
T11-180°C f\
T11-180°C 5MGy I

'H NMR shift (ppm)

Fig. 10. Effect of 5 MGy irradiation on the NMR spectra of tobermorite 11 A. Comparison of NMR spectra (a) 296i and (b) 'H. In Figure (b), the 'H NMR spectra of 9 A
tobermorite before and after irradiation at 2.4 MGy are also provided for comparison. The '"H NMR spectra were recorded with an echo time of 2 ms. Green dashed
lines (at 4.0 and 4.2 ppm) serve as a guide for the eyes. Spectra are normalized to the same maximum height. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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We should remember here that in silicon NMR, the notation Q, is used to
describe the atomic connectivity of SiO4 tetrahedra in silicate materials.
The number n in the notation Q, represents the number of oxygens
shared (or bridging) with other SiO,4 tetrahedra. The presence of Q; sites
is typical in C-S-H materials and is strongly influenced by the Ca/Si
ratio [46]. However, their occurrence in the T9 and T11 samples
-characterized by infinite silicate chains- is unexpected. The small
amount of Q; sites observed in the T9-180 sample may indicate the
presence of minor defects (possibly at the surface) or secondary phases,
such as poorly ordered C-S-H undetected by XRD, or slight deviations
from the ideal Ca/Si stoichiometry [47]. The increase in Q; signal
following irradiation suggests that bond-breaking processes may have
occurred. Nevertheless, due to the complex dynamics of
cross-polarization in NMR experiments [48], a precise quantification
would require a dedicated MAS NMR study, which is beyond the scope
of the present work.

Similar experiments were also performed on T11-180 samples, also
showing a small amount of Q; species. Fig. 10 shows the effect of irra-
diation at 5 MGy on the 2°Si NMR spectra (Fig. 10a) and 'H spectra
(Fig. 10b) of tobermorite 11 A. According to Fig. 10a, the irradiation
only has a slight effect on the 2°Si NMR spectrum of tobermorite 11 A. As
a result, irradiation has little influence on the environment and atomic
connectivity of silicon atoms. In fact, C-S-Hs are known to be resistant to
radiation [49-51]. Indeed, the doses we have used are insufficient to
affect the material’s structure. This has been particularly demonstrated
in cementitious materials by Tajuelo Rodriguez et al. [50] The authors
investigated the chemical and structural behavior of synthetic C-S-H
following gamma irradiation doses ranging from 0.145 to 0.784 MGy.
Comparisons with control samples revealed no significant changes in
total water content (measured by thermogravimetric analysis) or basal
spacing (determined by X-ray diffraction), indicating that interlayer
water remained unaffected by irradiation. Furthermore, irradiation did
not alter the material’s morphology, C/S ratio, or the mean chain length
of the silicate network. In fact, to observe an effect of irradiation on the
basal spacing, doses on the order of several tens of MGy are required
[51]. Indeed, XRD patterns recorded for T11-180 sample before and
after irradiation at 6 MGy show that the diffractograms are highly
similar in both cases (Fig. S8 in the Supporting Information).

Fig. 10b presents a comparison of \H NMR spectra of a non-irradiated
and irradiated tobermorite 11 A and 9 A. The 'H NMR spectra in Fig. 10b
were recorded using a spin-echo acquisition sequence with an echo time
of 2 ms (for each sample, spectra acquired at 80 ps, 800 ps and 2 ms are
shown in Fig. S6). This allows for a selective attenuation of the signal of
the protons contained in the crystallization water molecules, since they
have a relaxation time T2 (decaying time of the echo signal) of
approximately 100 ps. [52,53]. Fig. 10b shows a signal at 4.2 ppm which
is almost absent in the non-irradiated tobermorite 11 A sample. This
signal is very close to a 4.0 ppm signal present in the non-irradiated
tobermorite 9 A sample. According to Fig. S7 (see Supporting Informa-
tion), the signal recorded at 4.0 ppm in tobermorite 9 A and at 4.2 ppm
in tobermorite 11 A exhibit identical T2 relaxation times. It follows that
these two signals can be assigned to the same type of proton (isolated
SiO-H, with no H-bond; see Fig. S7 and the corresponding discussion in
the Supporting Information). Moreover, no evidence of Hy trapping
within the structure was found, in contrast to the case of portlandite [4,
51.

4. Discussion

One of the most surprising results of this study is the major difference
in the Hy production behavior under ionizing radiation between
T11-180, T9-180, and T9-300 (Fig. 4). Unlike the T9-180, the T11-180
does not produce Hj under irradiation. Moreover, the presence of re-
sidual adsorbed water on the T9-180 after treatment at 180 °C under
dynamic secondary vacuum for 16 h is to be excluded. In their study on
the radiolysis of portlandite, Herin et al. [5] observed that the presence
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of impurities could significantly affect Hy production under irradiation.
Tobermorite 9 A, however, is produced by dehydrating tobermorite 11
A. These two compounds, therefore - with the exception of water - have
an identical composition, including even their impurity content. It fol-
lows that this hypothesis does not explain the difference in behavior
between the two tobermorites. The T9-180 and T11-180 samples
intrinsically exhibit different behaviors when subjected to irradiation
(Fig. 4), without the desorption protocol or the presence of impurities
being responsible for this phenomenon.

EPR analyses (Fig. 5) show that the water of constitution (SiO-H
bonds) of tobermorite 9 A and the water of crystallization of tobermorite
11 A are decomposed by ionizing radiation. In the case of tobermorite 9
A and in the absence of adsorbed water, SiO-H bonds represent the sole
source of hydrogen atoms. The presence of H' radicals in the EPR
spectrum of tobermorite 9 A (blue curve, Fig. 5) and the highly probable
presence of SiO' radicals, characterized by the component gs ~ 2.065
[34,40], are due to the dissociation of the SiO-H bonds (R. 1):

Si0O—-H - Si0O +H R.1

By the same token, the sole source of hydrogen in T11-180 is derived
from hydrogen atoms in crystallization water molecules. The presence of
H and OH' radicals, identified by EPR (red curve, Fig. 5), indicates that a
stage of dissociation of the molecules of crystallization water (R. 2) takes
place during irradiation. It is important to note that no electron signal
was detected by EPR, and reaction R. 2 reflects the species observed
experimentally. Indeed, a single water molecule within a well-defined
crystallographic site (see Diagram 1la) is not expected to exhibit the
same behavior as bulk water.

H,O0 -HO +H R.2

In both cases, the irradiation causes the radiolysis of chemically bound
water, whether water of constitution or crystallization, which results in
the production of H' radicals, precursors of Hy production. In particular,
many studies on the irradiation of solid hydroxides consider the
dimerization reaction (R. 3) as a source of Hy production [54,55]:

H +H —H, R.3

Hy production - or the lack thereof - should be sought in the sec-
ondary reactions involving H' radicals, and not in the impossibility of
creating these radicals under irradiation. The annealing experiments
carried out on T9-180 samples measuring the disappearance kinetics of
H radicals showed that they disappeared based on a second-order ki-
netics (see Fig. S5 in Supporting Information). Second-order disap-
pearance kinetics assumes that the H' radicals react with a species with
an equivalent concentration. Whereas the reaction R. 3 provides evi-
dence of a second-order disappearance kinetics, as well as the Hy pro-
duction observed in irradiated T9-180, several experimental facts show
that other reactions should be taken into account. In fact, the EPR an-
alyses of the T9-300 indicate that the amount of H' radicals produced
under irradiation is similar to that of T9-180 (Fig. 8), while the T9-300
does not produce Hy (Fig. 4). In addition, the annealing experiments
performed on the T9-180 samples (Fig. 6) showed that the disappear-
ance of the H radicals was accompanied by the simultaneous disap-
pearance of the SiO" and STH(2) radicals. This observation implies that a
part of the H' radicals almost certainly disappears by reacting with other
defects and, therefore, does not result in Hy production via R. 3.
Quantitative EPR analyses also made it possible to estimate the quan-
tities of radicals disappearing during the annealing process (see Table 3).

According to Table 3, the quantity of H' radicals that disappeared is
almost similar to that of the SiO" radicals. This result suggests that the
preferred reaction for the disappearance of the H radicals consists of the
reformation of the SiO-H bond via the reaction R. 4.

H +Si0O -»SiOH R.4

It should be noted that this scenario also implies that the defects
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Table 3

Evaluation of the amount of radicals that disappeared during the 80-min
annealing at —130 °C of the T9-180 sample irradiated at 20 kGy in liquid
dinitrogen.

Defect H Sior STH(2)

Quantity lost (mol) 8x 10710 9x 10710 1.2x107°

STH(2) disappear spontaneously without consuming other defects. This
is consistent with a well-known problem in SiO,-based compounds such
as quartz or amorphous silica [56]. In fact, the creation of the STH(1)
and STH(2) radicals, produced by an oxygen atom capturing a hole,
should be accompanied, by charge conservation, by the production of F
centers in similar proportions. In practice, the number of F centers
detected is very low compared to the number of trapped holes. This
systematic difference has led some authors to hypothesize that many of
the electron centers formed in silica are not detectable but may react
with the STH radicals, resulting in an apparent spontaneous disappear-
ance. It is likely that the reaction R. 4 is predominant compared to the
reaction R. 3, and the H' radicals detected by EPR in Fig. 5 do not take
part, therefore, in the production of radiolytic Hy. These findings are
consistent with the increase in the amount of silicon in Q; sites, as shown
in the 2°Si NMR spectrum in Fig. 9.

It should be noted that the same phenomenon can be observed in
tobermorite 11 A. In fact, EPR analysis (Fig. 5) showed the existence of
H' radicals. The presence of HO radicals proves that these radicals are
derived from the dissociation of crystallization water molecules via R. 2.
Due to their high instability, the disappearance of H' radicals in tober-
morite 11 A could not be investigated as in tobermorite 9 A. However,
this decay occurs without a decrease in the signal belonging to the HO*
radicals. This indicates that the radical disappearance pathway H does
not consist of reforming the crystallization water molecules.

This result can be backed up by 'H NMR analyses of the tobermorite
11 A sample irradiated at 5 MGy (Fig. 10b). In fact, Fig. 10b shows that
the 'H NMR spectrum of irradiated tobermorite 11 A has a signal at 4.1
ppm, which is almost absent in the non-irradiated sample. This signal is
very similar to that at 4 ppm measured in the tobermorite 9 A samples
(see Fig. S7 in Supporting Information and the corresponding discus-
sion). It is attributed to the hydrogen atoms of the isolated SiO-H
groups, without hydrogen bond interaction with each other [57,58].
Thus, irradiation of tobermorite 11 A results in the appearance of SiO-H
bonds, which is consistent with the results obtained by EPR. Whether in
tobermorite 9 A or tobermorite 11 A, the H radicals generated by
irradiation recombine with other defects in the structure. In tobermorite
11 A, this capture of H' radicals prevents the reaction R. 3 and inhibits
the production of radiolytic Hy. This capture phenomenon results in the
formation of SiO-H bonds, which are initially absent. In tobermorite 9 A,
the SiO-H bonds formed do not necessarily correspond to the original
ones, due to the high mobility of the hydrogen atom.

It should be noted that, whereas this explanation helps account for
why the T9-300 and the T11-180 do not produce Hy when subjected to
irradiation, it does not explain why T9-180 produces Hy under ionizing
radiation (Fig. 4). A potential explanation is due to a difference in sur-
face state between the two T9 samples. According to a theoretical study
by Giraudo et al., [59] a temperature of 270 °C and a pressure of 10™
mbar correspond to the thermodynamic stability limit of the SiO-H
bonds of tobermorite 9 A. These parameters are very similar to the
temperature and pressure conditions (300 °C and 8 x 10"* mbar) used to
desorb T9-300 samples. While the conditions set out by Giraudo et al.
correspond to thermodynamic stability limits, they do not provide any
information about the kinetics of dehydroxylation reactions. Further-
more, the TGA analyses on T9-300 indicate that this mineral still con-
tains a high quantity of SiO-H bonds, almost equivalent to those of the
T9-180 (see Fig. S3 in Supporting Information). The only noteworthy
difference between the thermogravimetric analyses of the two T9s is
related to the slight variation in mass recorded at 380 °C and visible on
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the T9-180 (Fig. S3 in Supporting Information). In fact, this variation is
not present in the T9-300 data. It could be related to the dehydrox-
ylation of surface O-H bonds. This result suggests that, contrary to
T9-180, it is likely that the T9-300 no longer contains surface SiO-H
bonds. Accordingly, Hy production in T9-180 could be due exclusively to

surface reactions. A first step would be the production of H,,.,., radicals
on the surface of the material:
SiOstfﬂce - Siogurface + H;wface R.5

A second step of dimerization of the H; radicals would result in

urface
the production of Ha:
H:surfaze + Hs - Hz(g) R.6

urface

The T9-300 samples exhibit more paramagnetic defects in the central
region than the T9-180 samples (Fig. 8). In particular, the defect cor-
responding to the peak at g ~ 2.014 is much less present in the T9-180
samples than in the T9-300 samples (Fig. 8). It should be noted that a
similar result was observed on the tobermorite 11 A (Fig. 7). As a
reminder, the EPR signal leading to the intense peak at g ~ 2.013 is
absent on untreated tobermorite 11 A samples containing adsorbed
water (Fig. 7). It is difficult to explain specifically which defect is
responsible for the missing peak at this g value. However, the modeling
of the annealing spectrum, performed on a T9-180 sample, shows that
the radical STH(2) (Fig. 5 and Table 2) is a good candidate for explaining
this signal. The tobermorite samples with adsorbed water or SiO-H
bonds localized on the surface produce fewer defects of type STH than
the other samples. There are several reasons why this difference may
exist. First, it is possible that the STH defects are located on the surface.
In the presence of adsorbed water, the STH defects may react with water
molecules. While this hypothesis is enough to explain the difference in
the EPR spectra of untreated tobermorite 11 A and T11-180 (Fig. 7b), it
is not sufficient to explain the difference between the T9-180 and the T9-
300. In fact, neither the T9-180 nor the T9-300 have adsorbed water on
their surface. Accordingly, the absence of STH defects in the T9-180
cannot be due to defects located specifically on the surface. An alter-
native explanation would be to consider that the presence of surface OH
bonds on T9-180 (or water adsorbed on tobermorite 11 ;\) modifies the
reaction mechanisms under irradiation. The irradiation of the materials
results first in the formation of holes and electrons in the material
(named ionic mechanism in Ref. [60]):

irradiation — e~ + h*t R.7

The hole and the electron can be captured by atoms to form sec-
ondary species or be correlated by Coulomb interactions to form an
exciton:

e~ +h" —exciton R.8

Accordingly, the H, production may be the outcome of an ionic (R. 7)
or excitonic mechanism (R. 8). The surface state of the material has an
influence on the nature of the mechanism involved. The application of a
radical heat treatment then results in a change of mechanism, which
shifts from excitonic to ionic in silica-based materials [60,61]. This
change in mechanism is linked to the dehydroxylation of the materials,
and a drop in the Hy production under irradiation is then observed [60,
61]. It is possible that the existence of SiO-H bonds or water molecules
on the surface of the material allows a transfer of the energy deposited in
the matter by excitonic means (R. 9).

SiOH + exciton - SiO" + H R.9

Following a more drastic heat treatment, the ionic mechanism is
favored. The presence of this mechanism results in the formation of h ©
holes that can be captured by Si—-O-Si bonds to form a STH radical. In the
case of the tobermorites, the presence of adsorbed water or surface
SiO-H bonds would enable an excitonic mechanism, resulting in sig-
nificant Hy production and a decrease in the number of STH(2)-type
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defects. It should be noted that the existence of an excitonic mechanism
allows the efficient transfer of the energy deposited in the volume to the
surface (R. 9). It is likely that this property explains why the radiolytic
yields measured in the presence of adsorbed water are so high (Fig. 1). In
the absence of surface bonds, this mechanism is replaced by an ionic
mechanism, which leads to the formation of a large number of STH
radicals in the irradiated T9-300.

5. Conclusion

Two well-crystallized tobermorites —9 A and 11 A- were investigated
to gain new insight into the radiolysis of chemically bound water in
cementitious calcium silicate hydrate (C-S-H) phases. These minerals
were selected because they contain distinct forms of bound water:
tobermorite 9 A incorporates constitution water, while tobermorite 11 A
contains only crystallization water. Uniquely, both samples share the
same chemical composition (Ca/Si ratio, impurity levels) and similar
structural frameworks, providing a rare opportunity to isolate and
compare the behavior of these two types of bound water under
controlled irradiation conditions.

The use of “high-temperature” vacuum treatments enabled obtaining
samples completely free of adsorbed water, thereby allowing for a clear
distinction between the contributions of structural water alone.
Remarkably, irradiation experiments revealed that crystallization water
in tobermorite 11 A does not lead to dihydrogen (Hy) production. In
contrast, tobermorite 9 .7\, which is derived from heat-treated tober-
morite 11 A and retains SiO-H surface groups, does produce H; -pro-
vided the thermal treatment is mild enough to preserve these surface
hydroxyls. This unexpected outcome highlights the critical role of sur-
face chemistry in radiolytic hydrogen production.

EPR measurements confirmed that radiolysis of both constitution
and crystallization water occurs, generating H® radicals in the mineral
matrix. However, H formation is not guaranteed. Instead, H* radicals
can be trapped by structural defects, forming stable species such as
SiO-H groups in the bulk. This finding leads to the conclusion that
radiolytic Hp production in these systems is primarily a surface-driven
process, with little or no contribution from the mineral volume.
Consequently: (i) significant Hy yields are observed only in the presence
of adsorbed water, and (ii) only tobermorite 9 A, which retains reactive
SiO-H groups on the surface, produces Hy under irradiation. Analogous
to observations in irradiated silica and quartz, this surface-specific Hy
production may result from excitonic mechanisms enabling energy
transfer from the bulk to the surface. When thermal treatment is too
aggressive, the mechanism shifts from excitonic to ionic, introducing a
high density of defects but suppressing Hy generation.

In conclusion, the radiolysis of the crystallization water of the
tobermorites does not result in the production of radiolytic Hy. Only
surface SiO-H bonds produce Hy under irradiation. Based on the
assumption that the behavior of the cementitious, cryptocrystalline
C-S-H follows the same principles demonstrated in the two types of
tobermorite studied, the radiolytic Hy production of this material should
be relatively limited. It would be even weaker since the cementitious
C-S-H is not in powder form (which, in fact, exacerbates the surface
phenomena), but in massive form. The Hy source term associated with
cementitious C-S-H could thus not exceed that of the portlandite or
could even be significantly lower. Following the results obtained for the
portlandite, these results pave the way to considering solid phases in a
more comprehensive modeling of the radiolysis of cementitious
materials.
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