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Abstract: Chemical degradation of borosilicate glass doped with 233Pu was modelled in conditions
of a failed underground radwaste repository in granite host rock with bentonite buffer material
after penetration of aqueous solutions at temperature of 90 °C. The total duration of the experiment
exceeded two years. It is shown that wet bentonite preserved its barrier function and prevents
migration of plutonium to the solution. The total amount of plutonium adsorbed on bentonite clay
during the experiment did not exceed 0.02% of the initial amount of plutonium in the glass sample.
Estimated accumulated dose of self-irradiation of the glass sample after the experiment varies from
3.16 x 105 t0 3.39 x 10> a-decays per gram, which is equivalent to more than 1000 years storage of
239Pu doped sample with the same Pu content. Beishan granite remained intact, with no evidence of
Pu penetration into the granite matrix along mineral grain boundaries.
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1. Introduction

Effective development of nuclear energy is strongly depending on implementation of
safe and sustainable solutions on each stage of the nuclear fuel cycle, from uranium mining
to waste treatment. Treatment of radioactive wastes containing long-lived actinides is an
extremely important issue in terms of sustainability, since all the decisions made in this
field will be affecting next generations for thousands of years. Final disposal of highly-
radioactive waste is one of the most challenging issues in both open and closed nuclear fuel
cycles. Two basic strategies are considered for high-level radioactive waste management
in the closed nuclear fuel cycle. Nuclear waste streams after the fuel reprocessing can be
treated by a solidification technology like vitrification or immobilization into crystalline
ceramic matrix. Another approach suggests partitioning the waste to separate long-lived
actinides and other relatively short-lived fission products followed by immobilization
in more targeted ceramic or glass-ceramic matrix [1-3]. In both cases, deep geological
disposal is considered for the final stage of the nuclear fuel cycle. A common well-known
international approach to the immobilization of highly radioactive wastes (HLW) is based
on their vitrification [1] followed by deep geological disposal. A suitable site for the long-
term safe geological disposal has to meet set of requirements such as stable geological
and hydrogeological settings (including their eventual changes in future), acceptable
construction and engineering conditions, low human activities and land use, environmental
protection, and good logistics. Among several types of geological formations suitable for
the HLW repository, granite rock is one of the most promising candidates because of
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its good mechanical properties and low permeability. A repository in granite rocks is
considered in many countries operating underground research facilities (Finland, Sweden,
Czech Republic, Switzerland, Republic of Korea) or constructing them (China, Russia). A
deep geological repository relies on multi-barrier concept comprising several geological and
engineering barriers to minimize the migration of radionuclides during the intended period
of disposal, lasting up to 1 million years. A swelling clay, for example, a bentonite buffer, is
an important engineering barrier suggested for placement around metal containers filled
with the vitrified HLW [4]. This barrier, so-called “buffer” zone, has very low permeability
and can protect the waste canister during the rock movements. Bentonite has a high
capacity for physical sorption of radionuclides and pronounced swelling upon contact
with water helps suppressing migration of underground fluids coming from cracks in
the host rock. However, the protective properties of bentonite can weaken because of
physical and chemical factors affecting it under hydrothermal conditions of a geological
repository. The effect of the bentonite degradation is determined by the presence of water
and temperature conditions.

Despite all the components in the multibarrier concept being considered simultane-
ously, every single barrier material has to meet the safety requirements and acceptance
criteria. For each candidate repository site, the safety case studies should include numeri-
cal modeling, long-term geological and geochemical investigation, small-scale laboratory
experiments, and large-scale experiments in underground research facilities. It is critically
important to take into account complex radiation effects affecting a HLW matrix behavior
in contact with steel, bentonite, host rock, and underground water. These effects include
chemical degradation of the glass matrix, thermal and radiation damages in bentonite,
and local change of reducing and oxidizing conditions due to water radiolysis. Since
experiments with real vitrified HLW are expensive and complicated, information about the
long-term behavior of highly radioactive glass under self-irradiation and contact with water
is very limited [5-10]. However, it was reported earlier that the chemical alteration of a real
highly radioactive glass doped with 23¥Pu in water is much more intense in comparison
with a simulated non-radioactive glass of similar chemical composition; pronounced glass
degradation is observed [9,10].

Radiation effects in bentonite and other clay materials had been studied mainly in
terms of the stability of clay materials under external gamma-irradiation [9-11]. It was
shown that bentonite has high radiation stability and preserves crystallinity with no sig-
nificant changes in its structure at accumulated doses as high as 3 x 10'° rad at room
temperature and at 3.5 X 10° rad at 300 °C [12,13]. However, the radiation stability of
bentonite under external and internal alpha-irradiation is still unclear. It is expected, that
under radiation damage from a-particles the lattice of montmorillonite—a basic mineral
of a bentonite clay—can be fully amorphised. As a consequence of this process, the sorp-
tion capacity of newly formed products of the montmorillonite destruction can decrease
dramatically in comparison with the fresh bentonite. Radiolysis of water may chemically
destroy montmorillonite as well. In addition, water radiolysis decreases the pH level in
the system which leads to bentonite degradation and changes in montmorillonite chem-
ical and physical properties such as structure, composition, morphology, and sorption
capacity [14-16].

Alteration of a highly radioactive glass surrounded by water-saturated bentonite is
a complex process and can be properly addressed only in dedicated experiments. The
presence of granite parent rock in the vitrified HLW repository adds additional uncertainty
to the modeling of the long-term behavior of all components [17]. For simplification, we
consider the interaction between granite, bentonite, metallic container, vitrified waste,
and water as a static system. In this case, migration of radionuclides will be limited by
ion diffusion along the grain boundaries in granite rock. However, in a long term (up to
100,000 years period), we should consider the formation of the cracks in the granite host
rock and the convective transport of radionuclides along the cracks. In this case, the cracks
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will play a main role in the transport of the long-lived actinides in ionic or colloidal forms
and their migration into the biosphere [18].

Experiments with trace amounts of radionuclides were performed in several under-
ground research facilities (URF) [19-21], however, experiments with real vitrified radioac-
tive waste were not yet performed in URF. Up to now, laboratory scale leaching and
alteration tests is the only possibility to study complex interactions between the solidified
waste, buffer, and host rock in static and dynamic conditions. Long-term experiments are
very important for prediction of features of the Pu sorption behavior such as reaching the
sorption equilibrium and process of Pu(V) reduction on montmorillonite clay [22].

The main objective of this work is to study the long-term behavior of a borosilicate
glass doped with 23¥Pu in the system “water—bentonite buffer—granite host rock”. High
specific o-activity of this isotope dramatically accelerates rate of radiation damage and,
with certain caution, allows projection of the current results to relatively long periods. The
results obtained may contribute to clarifying the model of radionuclide migration from
corroded containers filled with vitrified HLW under conditions of a geological repository
located in the granite massif.

2. Materials and Methods

The experiment is designed to simulate ageing of the Pu-bearing glass matrix in
conditions of a failed container placed into a deep geological repository (DGR). In this
experiment, we neglect the contribution of a metal container and model the situation when
groundwater equilibrated with bentonite accessed the vitrified waste, e.g., via a crack or
corrosion pit in the metal cask.

2.1. Pu-Doped Highly Radioactive Glass Synthesis

238Pu-doped glass was used for the experiment as a simulated vitrified waste sample.
238Py isotope dramatically accelerates the radiation damage rate in comparison with 23°Pu
because of its shorter half-life (88 years) and higher specific activity (6.32 x 10'! Bq/g for
238Pu and 2.2 x 10° Bq/g for 2*Pu). Thus, using 2*®Pu, more pronounced aging of the
glass can be achieved in a shorter period of time; more extensive radiation damage of the
surrounding bentonite can be expected as well. The Pu-doped borosilicate glass has been
synthesized in 2016 [9,10] by melting the oxide mixture with a suitable frit at temperature
of 1400 °C for 2 h in air atmosphere (Figure 1). The glass was doped with 0.42-0.45 wt. % of
238Py (recalculated to Pu metal) to accelerate radiation damage in the glass matrix; Euy,Os
was added to simulate the presence of trivalent lanthanides. The chemical composition of
the glass is presented in Table 1. After the synthesis, the crucible with the glass sample
was broken and one solid fragment of the glass (1216 mg) was used for the experiment
(Figure 1).

Table 1. The chemical composition of 2> Pu-doped borosilicate glass used for experiment.

Element/Oxide Content, wt. %

SiO, 47.86
Na,O 14.60
B,O3 21.20
Al,O3 6.84
EUZO3 3.02
CaO 5.87

PuO, (all isotopes) 0.58-0.65

238pu0, 0.47-0.53

238Py (as metal) 0.42-0.45
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10 mm

Figure 1. Sample of the borosilicate glass doped with 23¥Pu prior to the experiment.

As the Pu-doped glass sample was synthesized two years before the experiment, it
has already suffered radiation damage. For evaluation of number of alpha decays, we
used Pu content of 0.42 wt. % as a minimum and 0.45 wt. % as a maximum content
values. Then, for the initial glass sample (1216 mg) the Pu content varies from 5.11 to
5.47 mg of 238Pu per whole sample. Using 2*Pu specific activity we can recalculate this
content as (3.23-3.46) x 107 Bq per sample. For the entire storage period (22 months) the of
self-irradiation dose can be estimated in a range from 1.51 x 10'* to 1.62 x 10'* a-decays
per gram of the sample.

After two years of the experiment, the total accumulated dose of self-irradiation
naturally increased and can be estimated in a range from 3.16 x 10% to 3.39 x 10 -
decays per gram of the sample. Mass loss caused by Pu leaching during the experiment
was neglected in this estimation. The dose of self-irradiation calculated above is equivalent
to the one accumulated by the sample doped with 0.45 wt. % of 2?Pu after more than
1000 years of storage.

2.2. Granite Rock

A sample of granite rock from the Beishan area of Gansu Province, China was used
for the experiment. This sample represents the actual host rock of emerging Beishan HLW
geological repository in China. Magmatic granites of the Beishan area mainly possess
granitic and porphyritic structures. The rock body is characterized by batholiths, stocks,
dykes, etc. According to surface geological mapping and boreholes investigations, the
main rock types of the planning DGR are biotite monzonitic granite and biotite granodior-
ite [23]. The mineralogical and chemical compositions of Beishan granite are presented in
Tables 2 and 3, respectively.
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Table 2. Mineralogical composition of Beishan granite rock and Gaomiaozi (GMZ) Na-bentonite used
for experiment, wt. %.

Mineral Beishan Granite [24] Bentonite GMZ [25]
Microcline 46.14 -
Albite 27.50 -
Biotite 15.65 -
Quartz 8.50 11.7
Cordierite 1.33 -
Amesite 0.89 -
Montmorillonite - 75.4
Cristobalite - 7.3
Feldspar - 4.3
Kaolinite - 0.8
Calcite - 0.5

Table 3. Chemical composition of Beishan granite rock and Gaomiaozi (GMZ) Na-bentonite used for
experiment, wt. %.

Oxide Beishan Granite [24] Bentonite GMZ [25]
SiO, 57.78 67.43
ALO; 15.42 14.20
Fe,0; 4.07 2.40
Na,O 2.54 1.75
CaO 3.25 1.13
K,0 6.15 0.73
FeO - 0.29
TiO, 0.79 0.12
MgO 2.12 0.10
MnO - 0.02
P,0Os5 0.96 0.02
SrO 0.13 -
Loss of ignition 6.45 11.38

2.3. Bentonite Clay

A sodium bentonite powder from the Gaomiaozi (GMZ) deposit was used for the
experiment. The GMZ bentonite is a Na-montmorillonite clay that was formed in the
late Jurassic period. The formation of bentonite clay was caused by mineralization due
to interaction with groundwater and weathering of newly formed volcanic deposits. The
experimental samples of bentonite were excavated from a large clay deposit located in
Inner Mongolia Chinese autonomous region, around 300 km northwest of Beijing. The
deposit may contain up to 160 million tons of clay materials [24]. The high content of
montmorillonite leads to a high cation exchange capacity (CEC = 77.30 meq/100 g), a
large plasticity index (Ip = 275), and large specific surface area (S = 570 m?/g). The major
exchangeable cations are Na*, CaZ*, Mg2+ and K* [25,26].

A sample of the initial bentonite was received in form of a homogeneous powder, with
a soft texture and waxy appearance. The mineralogical and chemical composition of GMZ
bentonite is presented in Tables 2 and 3, respectively.

2.4. Leaching Solution

The distilled water was used as a leaching solution to allow a comparison of the results
of the Pu-doped glass alteration in a water-saturated bentonite with previously published
results on Pu-bearing glass leaching and alteration mostly performed in distilled or deionized
water. Taking into account relatively long duration (2 years) and high temperature (90 °C) of
the experiment, it was supposed that the initial distilled water will be saturated with chemical
elements from granite and bentonite during the granite-bentonite-water interaction.
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The experimental design is presented in Figure 2. The experiment was performed
according to the following scheme:

- A small amount (15-20 g) of water saturated (wet) bentonite clay was placed into
granite block 70 x 70 x 125 mm in size.

- A chip of the 3®Pu-doped glass (weight 1216 mg) was placed into the wet bentonite
mass inside the container. The thickness of the bentonite layer around the glass sample
was about 15-20 mm (Figure 2).

- The granite container was filled with distilled water up to the 10-20 mm above the
bentonite surface, sealed with Teflon™ 1id, placed into a stainless steel clamp and
tightened (Figure 3a).

- After that, the clamped container was immersed into a Teflon™ case filled with water
(Figure 3b) and sealed with a screw cap. The sealed container was placed into a
thermostatic oven maintaining a temperature of 90 °C for 2 years.

-, g B R
ey B

Figure 2. Preparation of the experiment: (a)—the Pu-doped borosilicate glass surrounded by wet
bentonite inside the granite container; (b)—view after sealing filling with bentonite.

Distilled water

= Pu-doped

borosilicate glass

Figure 3. 3D model of the complete experimental setup. (a) virtual cross-section of the experimental
assembly. (b) virtual top view of the clamped granite container in a protective Teflon™ vessel.

Every 6 months sampling of ~5 mL of the leachate solution from the granite container
was performed and an equivalent amount of distilled water was added after the sampling.
The aqueous solution between the granite container surface and the inner wall of Teflon™
cask was also sampled every 6 months to control eventual plutonium release through gran-
ite. The sampled solutions were centrifuged at 4500 rpm for 10 min and separated liquid
phase was analysed by alpha- and gamma-spectrometry (Canberra-7401 and multichannel
analyser DSA-1000 with Ge-detector, Canberra, respectively).
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After completion of the experiment, the granite container was cut with a saw and a
cross-section was put into direct contact with a Retina XBM film for 2 months. Wet bentonite
was mechanically extracted from the container, intermixing of the bentonite layers was
avoided as much as possible, see below. The extracted bentonite was examined with X-ray
powder diffraction using Empyrean or Aeris diffractometers operated with Cu-K« radiation
in reflection (Bragg-Brentano) geometry. The sample was placed on a zero-background Si
holder or, in case of abundant initial (reference) material, was backloaded. Note that the
initial bentonite sample was analysed in fully dry state, whereas the bentonite from the
container was measured both in partly wet state and after overnight drying at ambient
conditions; deep drying was not performed to minimise amounts of radioactive dusting.
Comparison of the same sample measured in wet and “dry” conditions show similarity of
the diffraction patterns with exception of position of the reflection corresponding to the
basal plane of montmorillonite, which shifts considerably. Of course, the presented results
are only qualitative, since no attempts to separate clay minerals was attempted.

3. Results

The Pu content in the leachates is presented in Table 4. The lack of data after the first
6 months is due to the full water consumption in the granite container by the bentonite
(Figure 4a).

Table 4. Results of Pu a-spectrometry measurements of water solution inside and outside the granite
container during the experiment.

Pu Content, Bq/mL
Sample
6 Months 12 Months 18 Months 24 Months
Water sample from the inner No data 50-110 <50 <50
space of granite container
Water sample from outside area <10

of granite container

Figure 4. Photo of the wet bentonite inside granite container after 6 months (a) and 2 years (b) of the
experiment at temperature 90 °C.

After two years of the experiment (Figure 4b) all water above the bentonite surface
was removed and the bentonite was extracted layer by layer with a thickness of about 1 cm
each (Figure 5). The glass sample was washed in distilled water and dried in air. Both
inner and outer surfaces of the granite container were carefully washed, and the container
was sawn across into several fragments using a low-speed saw. All surfaces of the granite
samples used for further radiography tests were carefully ground and washed.
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Figure 5. Scheme of the bentonite removal and sampling areas.

XRD patterns of initial dry bentonite (“start”) as well as partly dried bentonite with
unknown content of water (see Section 2 for details) from different locations inside the
granite container are shown in Figure 6.
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Figure 6. XRD patterns of initial dry bentonite (“start”) and of moist bentonite from different locations
inside the granite container (“top1”, “top2”, “near glass”). The 101 quartz reflection (20 = 26.627°)
is off-scale. The curves are displaced vertically for clarity. Main reflections of principal mineral
phases (ICDD cards): filled squares—quartz (01-079-1910), circle—montmorillonite 15A (00-013-
0135); triangle—montmorillonite 18A (00-012-0219). Other peaks belong to feldspars and layered

clay minerals.

For evaluation of the amount of 2¥Pu adsorbed on bentonite clay, a desorption exper-
iment was performed using a mixture of concentrated nitric acid and hydrofluoric acid.
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Before the experiment, a sufficient amount of bentonite clay removed from different layers
was placed into a quartz glass cup and dried in air at 40 °C until the constant weight of
14.3 g. The dry sample was brought in contact with the acids solution (10 mL of fluoric
acid and 20 mL of nitric acid) for 3 weeks. The acid-resistant residue was less than 5 wt.%.
a-spectroscopic measurements of the Pu-containing solution after the desorption showed
that the estimated specific activity of 2®Pu is 0.41 MBq per gram of dry bentonite. The
total amount of 23%Pu in the dry bentonite after the experiment makes 0.01-0.02% of initial
amount of 2Pu in the glass sample. As shown in Table 4, the Pu specific activity of
the solution above the bentonite layer is insignificant in comparison with amount of Pu
adsorbed by the clay.

4. Discussion
4.1. Alteration of the Glass Sample

During the first examination using optical microscope, formation of a secondary phase
on the glass surface was clearly observed (Figure 7). However, the alteration of the glass
observed in wet bentonite medium is much less pronounced than for borosilicate glass in
contact with distilled water at temperature 90 °C [9,10]. The reasons for the discrepancy
are not yet fully understood, but variations in pH and eventual partial radiation-induced
destruction of Teflon™ container with release of fluorine compounds in experiments
described in [9] may be responsible. Value of pH of natural bentonite suspension is close to
neutral and varies from 5 to 7.2 with average of 6.2, which is comparable with those for
the distilled water environment. However, further experiments are needed to reveal how
does water radiolysis in a bentonite environment affect the degradation process of a highly
radioactive glass. Also, for future research, using real or simulated groundwater seems to
be reasonable to make test results more relevant to the actual URF or planned disposal site.

Figure 7. Optical microscopy of the surface of 22Pu-doped borosilicate glass after 2 years of contact
with wet bentonite. (a) general view. (b) higher magnification image.

4.2. Bentonite and Granite Alteration

The phase composition of the initial sample is dominated by quartz, different montmo-
rillonite varieties (e.g., 15A, 18A) and feldspars (e.g., anorthoclase). In presence of a thermal
gradient, leaching and reprecipitation of constituents from bentonite at different locations
in the container may, in long term, induce formation of mineralogically distinct layers. In
addition, intense radiolysis may contribute to phase changes. Examination of XRD patterns
does not show clear difference between the bentonite samples from different locations in
the container. The changes in the patterns are relatively minor and are mostly confined
to reduced relative intensity of crystalline peaks, implying partial amorphisation and/or
decrease of crystallite sizes. The largest relative changes are observed for the sample from
the topmost layer, which demonstrates rather pronounced “amorphous” hump centred at
~28° (2@). This observation might be related to the least stable environment, for example,
semi-annual contact with fresh solution and/or air above the clay.
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Interestingly, we do not observe formation of abundant crystalline SiO, which may
form a cement during illitisation of smectites in hydrothermal conditions (see, e.g., re-
views [27,28]). Possibly, thermal gradients in our experiments were fairly small, precluding
extensive dissolution-precipitation phenomena. According to the XRD patterns, the mont-
morillonite phase survived after two years of x-irradiation and related radiolysis at a
relatively high temperature of 90 °C. It is known, that smectites may undergo structural
changes in hydrothermal conditions. Whereas temperatures below 300 °C do not alter dry
bentonite structure to noticeable extent [9,28,29], under hydrothermal conditions degrading
of the bentonite structure can be observed at 130-150 °C [28] and even at 90 °C (in 3.5%
CaCl, solution) [30]. That makes impossible to distinguish the effect of x-irradiation of wet
bentonite at 90 °C and the effects caused by long-term bentonite-water interaction itself.

Even after 2 years of x-irradiation at 90 °C wet bentonite preserved its barrier function
and prevents migration of the adsorbed Pu to the solution. Apparently, the influence of
radiolysis and of «-irradiation on structure of comprising minerals is small. For some
clay minerals, such as kaolin and attapulgite, significant structural changes were observed
during alpha-irradiation by 2>3Es but even after partial loss of crystallinity these materials
were able to prevent Es release into the solution [31].

Autoradiography of the granite sample shows absence of noticeable penetration of
Pu in granite rock matrix (Figure 8). It is possible to observe little black colour vein on the
bottom of granite container, which is related to penetration of radioactive solution into
a small crack caused by mechanical damage of the granite matrix during drilling of the
cylindrical hole of the container inner space. Some amount of 2®Pu in a small crack can be
also explained by contamination during the sawing, since no Pu penetration along grain
boundaries was noted. This observation is in a good agreement with previously published
data [32], showing that Pu transport in low-porosity granitic rocks from the Beishan site is
mostly determined by migration along the fractures (especially in form of colloids [33]) but
not by diffusion in granite matrix.

Figure 8. Autoradiography (2 months exposure) of the granite sample from the bottom of experimen-
tal granite container: cross section of lower part. Black rectangle appears due to a-particles reaching
the film through air gap.

5. Conclusions

The results obtained contribute to laboratory scale safety-case studies of geological
disposal for achieving a safe and sustainable way for actinide-bearing waste disposal.
Based on experimental results, the following conclusions can be made:

(1)  After two years of contact with 23Pu-doped glass and water at temperature 90 °C
Gaomiaozi Na-bentonite remains crystalline; no cementation by crystalline SiO,
was observed.

(2) Chemical alteration of 23¥Pu-doped borosilicate glass after long-term contact with wet
bentonite at 90 °C is less extensive than for the identical sample in distilled water.

(3) The borosilicate glass is slightly altered during the experiment, but leached Pu was
quantitatively adsorbed and retained by the surrounding bentonite. The total amount
of plutonium adsorbed on bentonite clay for during two years of the experiment did
not exceed 0.02% of the initial amount of plutonium in the glass sample.



Sustainability 2023, 15, 6306 11 of 12

(4) Beishan granite remained intact with no evidence of Pu penetration into the granite
matrix along mineral grain boundaries.
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