Disposal of Radioactive Waste

METHODS PROVIDING MICROBIAL SUPPRESSION
IN BUFFER LAYER BENTONITES UNDER RADIOACTIVE
WASTE DISPOSAL CONDITIONS

Cheptsov V. S.1, Tolpeshta I. I.!, Izosimova Yu. G.!, Abramova E. S.%, Safonov A.
V.2, Zakusina A. V.3, Koroleva T. A.3, Pozdnyakov L. A.!, Krupskaya V. V.>*

! Faculty of Soil Science of M. V. Lomonosov Moscow State University, Moscow, Russia
2 Frumkin Institute of Physical Chemistry and Electrochemistry of the Russian Academy of Sciences, Moscow, Russia

3 Institute of Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry of the Russian Academy of Sciences,
Moscow, Russia

4Faculty of Geology of M. V. Lomonosov Moscow State University, Moscow, Russia

Article received on November 29, 2024

The paper evaluates the reduction of microbial activity in bentonite materials from Taganskoe and 10th Khutor depos-
its via their compaction and introduction of biocidal additives. The study shows that CO, is most intensively released
at clay compaction density of up to 1.2 g/cm’ for both of the studied bentonites. At a matrix density of 1.45 g/cm’,
carbon dioxide was releasing much more intensively from sample 10Kh-98 compared to T-103 in the first month of the
experiment. At a matrix density of 1.7 g/cm’, no differences were observed between bentonites from different deposits.
The study shows that the most promising biocidal additive for the studied clay materials is PHMG at a concentration
of 0.5 wt.% reducing the microbial activity by more than 10 times and affecting in no way the filtration-diffusion
properties of the materials.
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Introduction

Deep geological disposal of radioactive waste (RW)
is viewed as the most robust method with its safety
provided both by engineered (clays, container mate-
rials and structural materials) and natural (geologi-
cal, hydrogeological and natural climatic conditions
at the site) safety barriers implemented in the de-
signs of deep geological repositories (DGR). These
barriers provide reliable isolation of radionuclides
and impede their release into the environment [1],
[2]. Research focusing on the effectiveness of these
barriers is essential in terms of the long-term safety
assessment and is viewed as an important stage in
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the DGR development. In addition to studies fo-
cused on diffusion, filtration, sorption, strength
and other properties of clay materials used in engi-
neered safety barrier construction, one should also
evaluate the influence of microbial processes on the
entire barrier system performance [3]—[6].

Active research focusing of their role was launched
in 1980s and is currently viewed as a mandatory
stage of scientific programs run in underground re-
search laboratories (URLs) in Finland (OLKILUOTO
and ONKALO) [7], Belgium (HADES) [8], Sweden
(Aspo Hard) [9] and Switzerland (Mont-Terri) [10].
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In recent years, similar research has been launched
at the Yeniseiskiy site in the Krasnoyarsk Territory
considered as a promising site for DGR construction
[11], [12]. Based on preliminary studies run under
the MIND (Microbiology in Nuclear Waste Disposal)
project [13], the most important risks were identi-
fied, including biogenic gas formation, corrosion of
container metals, concrete degradation and trans-
formation of clay materials resulting in the deterio-
ration of their isolating properties. It is important
to note that microbial processes in EBS materials
may be driven by radiolytic gas generation (H,, CH,,
CO, etc.), leaching of biogenic elements (sodium and
phosphorus) from aluminophosphate glass matrices,
iron from steel containers and metal safety barriers
(MSB), as well as potassium, sodium, calcium and
organic substances from clay materials. Microorgan-
isms in the EBS and the near field of a DGR may ori-
ginate both from the materials themselves, primarily
clays [14], and groundwater. Initial studies exploring
the composition of microbial communities in clays
and groundwater were summarized in [14]—[16]. The
high activity of microorganisms observed at great
depths in extreme conditions is explained by their
diversity in terms of their metabolism (the ability to
breathe using various oxidants (electron acceptors):
nitrates, trivalent iron, sulfates, selenates, arsenates,
etc.; the ability to consume bivalent iron, methane,
hydrogen, carbon monoxide and other gases as elec-
tron donors during respiration). Moreover, radiation
exposure from RW containers decreasing over time
and groundwater inflow contribute to even more
intense microbial processes. For this reason, to en-
sure the long-term DGR safety, certain measures are
required to reduce the intensity of these processes.
In this respect, two approaches can be considered:
increasing the bentonite density to a level that may
considerably reduce microbial growth and applica-
tion of biocidal additives.

It is known that as the degree of bentonite com-
paction grows, the amount of water available to
microorganisms and the pore size decrease contri-
buting to somewhat unfavorable conditions for such
microorganisms. Water availability to the microor-
ganisms depends on its activity (a,,), which is de-
fined as the ratio of the partial vapor water pressure
over a given material to the partial vapor pressure
over pure water at the same temperature: a,=p/p,,
where p is the vapor pressure of the solution and p,
is the vapor pressure of pure water. This indicator
may vary from O to 1: the closer it is to 1, the higher
is water availability in the given material or solu-
tion. Microorganisms may grow within a wide range
of water activities (a,, ranging from 0.585 to 0.999),
however, water activity level of over 0.98 is consid-
ered most favorable for them [17]. Studies revealed
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that in pure bentonite compacted to a dry density
of about 1.6 g/cm® with a moisture content of ~26%,
the a,was equal to 0.96, which is sufficient to inhibit
the activity for the vast majority of bacteria. More-
over, bentonite compaction decreases the pore size.
For example, at a dry density of 1.6—1.65 g/cm?, the
pore size varies from 0.005 to 0.1 ym, which is much
less than the size ranges considered average for the
microbial cells. Metabolic activity requires the bac-
teria to have interconnected pore openings with
a diameter of more than 0.2 um, although viable
bacteria can persist even given such small dimen-
sions. It was found that active sulfate reduction in
compacted bentonite samples ceases at a density of
over 1.5 g/cm® and a moisture content ranging from
6.4to 7.8 wt. % (i. e., at bentonite dry densities of 1.3
and 1.6 g/cm®) [18]. An alternative method suppress-
ing microbial activity is viewed in the introduction
of biocidal additives into clay materials, in particu-
lar, non-oxidizing biocides may be viewed as most
suitable under RW disposal conditions. Their main
advantage is that they produce no aggressive effect
on the engineered barrier materials (steel, cement,
clay) [19]. Non-oxidizing biocides include quaterna-
ry ammonium compounds (QACs), polyguanidines,
isothiazolin, organobromides and others. The cor-
responding action is based on achieving higher per-
meability of the cell membrane and subsequent cell
lysis caused by the interaction of hydrophobic parts
with the phospholipids in the cell membrane [20].
Biocidal additives in barrier materials are required to
be characterized by the following parameters: stay
active within a wide temperature range (containers
with RW may heat up to 120 °C), be poorly sorbed by
the clay material and have a long-term effect on the
microorganisms. Based on many years of research
on cement matrices proposed for liquid RW solidifi-
cation at the MosNPO Radon, a biocidal composition
based on polyhexamethylene guanidine (PHMG)
was selected [21]. This material contributes to high-
er resistance of cement compound to biodegradation
during the operational lifetime of a DGR. The use of
biocidal additives should be also considered in the
context of their effect produced on bentonite and its
flow properties.

The study evaluates the decrease in the microbial
activity experienced by the buffer layer due to the
compaction of bentonite powders from the Tagans-
koe and 10" Khutor deposits, as well as due to some
biocidal additives introduced into them.

Materials and Methods
The study was focused on bentonite powders from

Taganskoe (T-103, Kazakhstan) and the 10™ Khutor
(10Kh-98, Republic of Khakassia, Russia) deposits.



According to their mineral composition, these
bentonites mainly include smectite (73%) with
some quartz, illite, plagioclase, anatasite and cal-
cite found in impurity quantities. Bentonite from
the Taganskoe deposit contained some impurity
concentrations of pyrite as well [22]. The highest
pH levels for the bentonite suspension that was
produced by mixing 0.45 g of clay with 45 ml of dis-
tilled water were observed in the bentonite from the
10" Khutor deposit (pH 9.25), while the lowest ones
were recorded for the sample collected from the
Taganskoe deposit (pH 7.7). The forms of Ca*, Mg?",
Na" and K" considered most accessible for microor-
ganisms are leached from clay materials by water
and their highest concentrations were identified
in the aqueous extract from the bentonites of the
10" Khutor deposit. The lowest concentrations of
the cations were found in the aqueous extract from
the Taganskoe bentonite: it contained little Ca?",
whereas the concentrations of Mg?* and K* did not
exceed 1 mmol/L. Among the samples studied, ben-
tonite from the Taganskoe deposit had the highest
cation exchange capacity (about 100 mmol (+) per
100 g) [23].

To assess whether the microbes may survive in
compacted bentonites, experiments were con-
ducted to incubate bentonites compacted with
model formation water. According to [24] and [25],
the composition of this groundwater solution col-
lected from the Yeniseiskiy site was as follows
(10*mol/L): K" — 1.15, Mg*" — 4.95, Ca?* — 12.2,
Cl” — 25.6, SO~ — 4.95, HCO; — 8.87 given a pH
of 6.1. For this solution, the pH was adjusted to 7
using 0.5 M NaOH. At the pre-compaction stage,
the samples were moistened with the model solu-
tion to their full water-retention capacity (ranging
from 19.09 % to 33.56 %), which was selected based
on each individual dry density indicator. To study
substrate-induced respiration, sodium acetate and
glucose were added to some samples at a concen-
tration of 1 g/L.

The PSN-0.16.10M press (ProgressGeo, Russia)
was used to implement the compaction process
in a steel die. The compacted bentonite materials
having a shape of cylinders had a height of 1 cm,
a diameter of 2.5 cm and a total volume of about
4.9 cm®. The samples, compacted to dry densities
of 1.20, 1.45 and 1.70 g/cm?®, were then placed in
50 mL syringes. The experiments were performed
in six replicates (36 samples), and those with the
addition of sodium acetate and glucose, in 3 rep-
licates (6 samples) at a dry density of 1.45 g/cm>.
The syringes were connected with a needle to
hermetically sealed 15 mL penicillin vials, their
plungers were anchored, and then they were
placed in a rack (Fig. 1).
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Fig. 1. An experimental setup for bentonite incubation
with model formation water

The entire unit was placed in a thermostat at a
temperature of 60°C. The samples with added or-
ganic matter were incubated for one month, while
the rest were incubated for three months. Through-
out the experiment, the amount of released gases
was evaluated monthly via gas chromatography.
At the post-incubation stage, changes in the pore
space were studied, X-ray diffraction analysis was
performed, and the number of cultured aerobic he-
terotrophic bacteria was determined.

Plating on solid nutrient media was implemented
to determine the number of cultured aerobic het-
erotrophic bacteria. For this purpose, a 0.1 g aliquot
of each sample was poured into 0.9 mL of phos-
phate-buffered saline (PBS) and mixed at 2,000 rpm
for 15 minutes to desorb microbial cells from the
surface of the mineral particles [26]. A series of ten-
fold dilutions in PBS was produced from the result-
ing suspension. Then, plating on solid nutrient me-
dium LB (tryptone — 10 g/L, yeast extract — 5 g/L,
NaCl — 10 g/L, agar-agar — 15 g/L) [27] was per-
formed in three replicates. The cultures were incu-
bated for two weeks at +25 °C and +45 °C, and then
the number of colonies on the plates was counted.
The number of cultured aerobic heterotrophic bac-
teria in the samples was calculated (1):

N X d ,
74
where N is the number of cultured aerobic hetero-
trophic bacteria, CFU/g (CFU — colony-forming
unit); n is the number of bacterial colonies on the
Petri dish; d is the dilution factor; and V is the vol-
ume of the dilution aliquot applied to the cup, mL.

The statistical importance of the differences in
the number of cultured aerobic heterotrophic bac-
teria was evaluated based on a t-test

The gas phase was sampled from hermetically
sealed glass vials using a 0.5 mL syringe. Carbon di-
oxide, methane and ethylene concentrations were
analyzed via gas chromatography on a Kristall 5000.2
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tool (Chromatec, Russia) according to a flow chart
described in [28]. The gas generation rate was calcu-
lated based on the below expression (2):

16,04 x P

(Cppm —1022,8)x M x V x 1000

C=

mxt > @)
where C,, is the CO, content in the studied sam-
ple, ppm; 1022.8 is the CO, content in the air, ppm;
M, is the molar mass of carbon, 12 g/mol; Vis the
volume of the container from which the sample was
taken, mL; P is the pressure equal to 760 mm Hg;
T is the temperature, 293 K; 1000 is the conversion
factor to nmol/mL; m is the mass of the sample, g;
and t is the incubation time, h. To perform the sta-
tistical analysis of the gas generation data, the Wil-
coxon and Tukey tests were used.

Mineral analysis of the bentonites before and af-
ter incubation was performed on a Miniflex 600 X-
ray diffractometer (Rigaku, Japan) using CuK o -ra-
diation filtered by Ni at a tube current of 15 mA and
a voltage of 30 kV. A D/teX Ultra silicon detector
was used for oriented preparations in an air-dry
state, after its saturation with ethylene glycol and
after its calcination at 550 °C for 2 hours.

The pore space structure was analyzed at different
compaction densities via the X-ray computed tomo-
graphy with a SkyScan 1172p microtomograph [29].

Under the bentonite biofouling experiments, the
microbial communities were cultured in confined
sterile 100 mL vials with a solid-to-liquid ratio
of 1:20 at a temperature of 20°C for 28 days. The
model solution was also used as the liquid phase.

To prevent microbial activity on the clay mate-
rial samples, 11 biocidal additives were selected
at concentrations of 0.1, 0.5, and 1.0 wt.% of dry
bentonite with a water-to-solid ratio of 1:10. The
incubation period accounted for 28 days. Table 1
overviews the biocides used in this study.

To evaluate the metabolic activity of the micro-
bial community in the clay material samples, the
MTT assay was performed. This test is based on
the reduction of the dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide to a purple
formazan due to NADP-N reducing equivalent re-
lease caused by bacterial metabolism [30].

To assess the effect of biocidal additives on clays
and their flow properties, four mixtures of bento-
nites from the 10™ Khutor and Taganskoe deposits
were prepared provided the following microbial
activity-suppressing compounds at a concentration
of 0.5%: sodium tetraborate, salicylanilide, tetra-
methylenediethylenetetramine (QAC) and thiourea.

The static flow test was performed according to
established standards [31] and [32] to roughly eva-
luate the waterproofing capability of various clay
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Table 1. Biocidal additives used in the experiments

Abbre-
“

. RauanNalko LLP,
Rantsid Kazakhstan -
A NPO OAO Sintez PAV,

manat i
Russia

Benzalkonium Chloride, NOVA 000, Russia BAKh

Didecyldimethylammonium Alfahimsintez,

Chloride Russia DMA
Tetramethylenediethylenetetramine Techr&zﬁgi]aooo, TMDETA
Benzyldimethylammonium Chloride NOVA 00O, Russia  BDA
Salicylic Acid Anilide ASK

RusKhim, Russia
Sodium Tetraborate -

2,2-Dibromo-3-nitrilopropionamide  NOVA 00O, Russia DBNPA

Alterkhim-Pro 000

Polyhexamethylguanidine Russia > PGMG

Thiourea RusKhim, Russia -

materials. To determine the static flow index, 400 mL
of a 6% clay suspension was prepared and held for
24 hours. After that, 350 mL were poured into a fil-
ter press chamber, where the suspension was filtered
at an indicated temperature (20°C) and pressure (7
atm) over a specified time period (30 min).

The flow index measurement (water loss) is a
rapid method that can be implemented to deter-
mine the flow properties of a material and is often
used in production conditions to assess its quality.
It is also included in the Rosatom State Corpora-
tion standard, i. e., “Engineered Safety Barriers for
RW Storage and Disposal Facilities Based on Clay
Materials. Quality Control”.

The measurement was performed in accordance
with GOST R 70090-2022 Roll-form Geosynthetic
Bentonite Materials for Waterproofing [33] using
a ZNS-5A low-pressure filter press with a manual
pump. To conduct the test, a 6% clay suspension
was prepared, mixed for 20 minutes and held for
24 hours. After this, the required volume of the
suspension was poured into the filter press cham-
ber and filtered at a pressure of 7 atmospheres
(100*5 psi) for a specified period of time. The wa-
ter loss coefficient was determined as the volume
of the resulting filtrate (in cm®). Additionally, the
thickness of the filter cake was measured by a cali-
per with an accuracy of 1—2 mm.

Changes in the porosity of compacted bentonite
samples before and after the experiments were mea-
sured via computer microtomography with a Yamato
TDM1000 X-ray tomograph (Yamato Scientific, To-
kyo, Japan). Scanning was performed at a voltage of
75 kV and a current of 0.053 mA with a voxel size of
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20 um. The 3D sample models were built and pro-
cessed in the VGStudio MAX 2.2 software.

Results
Diversity of Microorganisms in Clay Material
Samples According to their Metabolic Capabilities
Bioinformatic analysis of the microbial diversity in
the clay material samples collected from the Tagan-
skoe and 10™ Khutor deposits (detailed data are pro-
vided in [14] and [16]) showed that microbial groups
were present in both samples: these groups were ca-
pable of iron reduction/oxidation (iron cycle bacte-
ria), sulfate reduction (sulfur cycle bacteria) and gas
generation (release of gaseous metabolic products,
specifically methane and carbon dioxide) (Fig.2).
These processes are viewed as unwanted assuming
the engineered barrier materials (glass, steel, clay,
cement) proposed under in the DGR concept.

Fig. 2. Venn diagram of the metabolic potentials
for samples T-103 and 10X-98

The metabolism specific for the largest group
consisting of 6 taxa (genera Caulobacter, Novosphin-
gobium, Sphingomonas, Ralstonia, Pseudomonas,
Stenotrophomonas) combines all of the mentioned
processes. Biogenic and biogenically mediated ef-
fects are manifested in accelerated corrosion and
degradation of steel containers, leaching of cation-
exchange elements and mineral transformations. It
is also worth noting that these microorganisms are
indigenous and typical for subsurface communities.
No less dangerous are the species that combine gas
generation processes through fermentation and
methanogenesis, as well as sulfate reduction. This
group includes bacteria of the Brevibacterium genus,
while Xanthobacteraceae may cause metal corro-
sion and gas generation.
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Assessment of Microbial Activity
in Compacted Bentonites
Number of Culturable Bacteria

The number of aerobic heterotrophic bacteria
cultured at +25°C in the studied samples after in-
cubation at different dry densities varied from 50
to 450 CFU/g, while at +45 °C, it ranged from 50 to
1.7x10* CFU/g.

In bentonites collected from the 10™ Khutor de-
posit, after incubation at dry densities of 1.2 and
1.7 g/cm3, the number of bacteria cultured at both
+25°Cand +45 °C dropped by an order of magnitude
compared to the initial (non-incubated) samples
(Fig. 3A). After this, at a dry density of 1.45 g/cm?,
the concentration of bacteria capable of growing at
+45°C got higher.

In bentonite collected from the Taganskoe depo-
sit, a decrease in the number of bacteria cultured at
both temperatures was observed by 1—2 orders of
magnitude at all dry densities at the post-incuba-
tion stage (Fig. 3B). The lowest average number was
characteristic of samples incubated at a dry density
of 1.45 g/cm?®, although this was not statistically
different from the figures obtained for other densi-
ties. It should be noted that the number of bacteria
capable of growing at +45 °C at the post-incubation
stage was higher than the number of mesophilic
bacteria, which can be explained by their prefer-
ential death at elevated temperatures (+60 °C). In
the initial samples, however, the abundance of such
microorganisms was higher than that of the ther-
motolerant ones.

The number of culturable bacteria, Ig(CFU/g)
1 1.5 2 2.5 3 3.5 4 4.5 5
10X-98,
in.
10X-98,
1.2 glcm®

10X-98,
1.45 g/cm?®

10X-98,
1.7 glcm®

M 25Cc  W+45°C A
The number of culturable bacteria, Ig(CFU/g)
1 1.5 2 2.5 3 3.5 4
T-103,
in.
T-103,
1.2 g/lcm®
T-103,
1.45 g/cm?®

T-103,
1.7 g/lcm®

4.5

M +25°C I +45°C B

Fig. 3. The number of cultured aerobic heterotrophic bacteria
in bentonites after incubation at different matrix densities:
A — 10X-98, B — T-103. Error bars indicate the standard error
of the mean



Disposal of Radioactive Waste

No dependency was revealed between the dry
density of the sample and the number of culturable
bacteria. Literature data [34] indicate a decrease in
the content of viable microorganisms along with
an increase in the dry density of bentonite. Such a
dependency might be missing due to the fact that
even at the minimum density assumed under the
study, the conditions causing the death of vegeta-
tive cells were still met. Viable microorganisms like-
ly remained in the form of spores, and a density in-
crease did not affect their preservation. It is known
that prokaryotic spores can survive the effects of
many unfavorable factors and germinate later in
case if somewhat favorable conditions evolve [35].

After the samples were placed in the cells, no
solution was added and no swelling pressure did
evolve. Future plans provide for the development of
some specialized cells that would be able to sup-
ply a solution during the experiment and thus one
would be able to analyze the effect of the estab-
lished swelling pressure on the bacterial abundance.

Gas Emission from Compacted Bentonites

During the first month of the experiment, carbon
dioxide (CO,) emission from compacted benton-
ites was observed: it was ranging from 0.0025 to

A

0.0120 pg C-CO,/(g'h). During the second and third
months, a negative CO, dynamic was recorded for
samples with dry densities of 1.45 and 1.7 g/cm?
(Figs. 4 and 5). During this period, gas sorption
generally remained at a constant level and in some
cases got slightly lower, which may be related to
the gradual saturation of adsorption centers [36].
In bentonites with a dry density of 1.2 g/cm3, the
CO, concentration got higher in the first and se-
cond months of incubation, while in the third
month, sorption was evolving at a rate of 0.0015 to
0.0026 ugC-CO,/(g-h).

In the first two months of the experiment, the
maximum CO, release from the compacted benton-
ites accounted for the lowest dry density (1.2 g/cm?)
(Table 2). At this density, emission was higher in
the sample collected from the 10™ Khutor deposit
if compared to the bentonite from the Taganskoe
deposit. This may be explained by the high content
of water-soluble Ca?", Mg?* and K". At a dry density
of 1.45 g/cm?, carbon dioxide was releasing much
more intensely from the 10X-98 sample compared
to the T-103 sample during the first month of the
experiment. At a dry density of 1.7 g/cm®, no dif-
ference was observed between the bentonites col-
lected from these two deposits.

Fig. 4. 3D reconstruction of dense inclusion distributions in bentonite samples collected from the 10" Khutor (A)
and Taganskoye (B) deposits, the densest inclusions are highlighted in red, pores are shown in green

Table 2.CO, emission rates in the first, second and third month of the experiment

Dry First month

Sample density,

Second month Third month

Average, jig C-CO,/(g-h) | Confidence | Average, jig C-CO,/(g-h) | Confidence | Average, ig C-CO,/(g-h) | Confidence
m (average) interval (average) interval (average) interval

17 0.0025 £0.0002 -0.0017 £0.0001 -0.0017 £0.0002
0.0030 £0.0005 -0.0022 £0.0004 -0.0015 £0.0015

GO 0.0030* £0.0003"* - - - -
1.2 0.0059 £0.0009 0.0064 £0.0014 -0.0022 £0.0031
17 0.0036 £0.0030 -0.0019 £0.0024 -0.0021 £0.0004
0.0105 £0.0019 -0.0052 £0.0018 -0.0020 £0.0029

T 0.0079* £0.0031* - - - -
1.2 0.0120 £0.0030 0.0123 £0.0029 -0.0026 £0.0027
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Rantsid

Amanat

ASK

Na,D,O,

PGMG

BAKh

Thiourea

Control

A M 01wt % M o5wt% [ 10wt %

Rantsid

Amanat

Thiourea

Control

M 05wt %

| 10wt %

Fig. 5. Metabolic activity of microorganisms in
bentonite samples in the presence of biocidal additives
at concentrations of 0.1,0.5 and 1.0 wt.% on the 28" day
of the experiment: A — 10X-98,B — T-103
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When glucose and sodium acetate were added af-
ter one month of incubation, carbon dioxide emis-
sion rate in the T-103 sample got lower than the
one observed in the 10X-98 sample (Table 2). At the
same time, the CO, release intensity did not differ
statistically from the levels observed for the corre-
sponding samples incubated given zero addition of
organic matter.

Thus, the intensity of the carbon dioxide flux de-
pended on the dry density: as the dry density was
getting higher, the flux intensity was getting lower
in all samples. The addition of organic matter did
not affect the carbon dioxide release. The benton-
ite samples collected from the 10th Khutor deposit
showed greater gas emission at densities of 1.2 and
1.45 g/cm® compared to the bentonite collected
from the Taganskoe deposit.

In all samples and at all incubation times, me-
thane and ethylene emissions were observed; how-
ever, they did not exceed 2.5-107° pgC/(g-h), which
was two to three orders of magnitude lower than
the carbon dioxide emission rate and could be
judged as a negligibly small value.

Gas absorption likely began in the first month of
incubation and continued thereafter. Its intensity
was not related to the specific surface area of the
samples, which is supposed to be the lowest for the
10X-98 bentonite (26 m?/g) and the highest for the
T-103 bentonite (65m%/g) [22]. Less intense CO, flow
along with increasing dry density may be explained
by a decrease in both the gas diffusion coefficient
and the pore space, in which the microorganisms
can potentially exist, as well as lower water activity.
As the dry density grows, the water in the samples
transforms to a film state, which is accompanied
by a decrease in its partial pressure and reduces its
availability [37]. Over time, gas emission rate de-
creases, which may indicate that the incubation
temperature of 60 °C is unfavorable for most of the
available bacteria, which either die or transition to
a metabolically inactive state (e. g., forming spores
or cysts). This may also indicate a decrease in the
amount of available nutrients, which are consumed
by microorganisms during their life cycle, and thus
their activity also gets lower.

Effect of microbial activity on the configuration
of the pore space in bentonites

The experiments revealed neither some impor-
tant transformations in the clay minerals nor dis-
solution and formation of new mineral phases.
After three months of incubation, some increase
in the size of macropores was detected in all sam-
ples except for the bentonite sample collected
from the Taganskoye deposit with a matrix den-
sity of 1.45 g/cm?® (Table 3) measured by computer
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microphotography (Fig. 4). At all matrix densities,
compacted bentonites from the 10th Khutor depo-
sit had a larger macropore volume and their share
in the total volume of the sample was bigger com-
pared to the Taganskoye bentonites. As a result of
three-month incubation at 60 °C, cracking was ob-
served in the sample from the 10th Khutor deposit
with the lowest dry density (1.2 g/cm®), which ac-
counted for 1.11 % of its volume.

Table 3. Structural element content compared for the
samples after their incubation for 3 months measured
by computed microtomography

Dry density, Crack vol-
g/cm® ume, mm?®
T-103 10.58 0.46 - -
1.20
10X-98 17.04 0.75 25.14 111
7103 - - - -
1.45
10X-98 0.57 0.03 - -
T-103 1.14 0.05 - -
1.70
10X-98 217 0.10 - -

The results obtained turned out to be in good
agreement with the gas generation dynamics. The
highest CO, flows were recorded for bentonite from
the 10" Khutor deposit at the lowest dry density,
which probably caused cracking in it (Table 3).

Impact of biocidal additives on the microbial
activity and flow properties

Fig. 5 summarizes the screening results for the
biocidal additives applied to clay materials 10X-98
and T-103 based on the respiratory activity of the
microbial community on the 28th day of incubation
at a temperature of 20 °C. It was found that biocides
based on quaternary ammonium BAKh, DMA, TM-
DETA and BDA compounds in concentrations of
0.1, 0.5, 1.0 wt. % were able to reduce the microbial
activity by 60—70%, which was accompanied by a
biostatic effect (not killing the microorganisms, but
reducing their reproduction rate). To demonstrate
a biocidal effect, experiments should be performed
at higher concentrations. The indicators specific for
Rantsid, Amanat and thiourea caused a decrease in
the microbiological activity by an average of 20 %;
boron-containing biocides (sodium tetraborate) —
by about 10%. Salicylic acid anilide (SAA) resulted
in a 2.5—3-fold decrease in the metabolic activity
depending on the clay. It is possible that the low
biocidal effect of certain additives was observed
due to the blocking of their functional groups pro-
vided their chemical interaction with clay minerals.

It is important to note that PGMG constituting
to the barrier materials has a number of promising

properties. Firstly, it exhibits anticorrosive proper-
ties for metal structures [38], which can positively
affect the behavior of steel at the steel-bentonite
interface. Secondly, the introduction of PHMG con-
tributes to the immobilization of redox-sensitive
anions, such as technetium [39].

The optimal concentration accounts for 0.5 wt.%
of the additive per sample. When it grew to 1.0 wt. %,
no considerable decrease in the microbial activ-
ity was observed. The studied biocidal additives are
water-soluble, except for SAA (salicylic acid anilide),
therefore, their introduction does not increase clay
hydrophobicity, even in the case of SAA. In the labo-
ratory experiment, biocides were added as solutions,
SAA was ground in a corundum mortar and intro-
duced as a powder. The most optimal method for
introducing biocides into industrial clays is spray-
ing, thus, they can be averaged over the composition
of the industrial mixture. Thus, the physicochemi-
cal properties of clay materials are not supposed to
change considerably if 0.5 wt. % of biocidal additives
are introduced. The high specimen activity in ben-
tonites shows that no chemical interactions occur
between the most important functional groups of
compounds and the clay minerals.

Flow rate according to API, ml/30 min

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
10X-98
T-103
BN original W 4 EEmQ 03 EE4 A
pH
0 2 4 6 8 10 12
10X-98
T-103
BN original =W 1 BE ) 3 Wy B
Electrical conductivity G, uS
0 200 400 600 800 1000
10X-98
T-103
EE original W4 W) 3 g C

Fig. 6. Values: flow rate — A; pH of the equilibrium
solution — B; electrical conductivity of the equilibrium
solution of bentonites with biocidal additives — C;

1 — sodium tetraborate, 2 — salicylic acid anilide,

3 — quaternary ammonium compound, 4 — thiourea
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However, in general, biocidal additives slightly
increased the flow rate (Fig. 6). Their effect on the
hydrogen index is minor, but QAC contribute to
higher alkalinity of the equilibrium solution for
all samples. In general, the considered bentonites
provided their interaction with distilled water gen-
erate alkaline, slightly alkaline medium with a pH
of 8.7—9.9. Biocidal additives produce somewhat
different effect on clay materials resulting in the
structural degradation of the double electric layer.
The use of sodium tetraborate cause the peptiza-
tion of clay particles and, thus, contribute to in-
creased flow properties. Whereas other additives
contribute to particle coagulation and higher ma-
terial porosity. Thus, when the use of biocidal addi-
tives is considered, comprehensive studies should
be implemented to study their effect on both the
microbial activity and the insulating properties of
clay EBS materials.

Conclusion

The studied microbial diversity of clay material
samples collected from the Taganskoye and 10th
Khutor deposits revealed certain microorganisms
in both samples: they were capable of driving iron
reduction/oxidation processes (iron cycle bacteria),
sulfate reduction (sulfur cycle bacteria) and gas
generation (release of gaseous waste products, i. e.,
methane and carbon dioxide) considered poten-
tially hazardous for all EBS materials. At the same
time, our studies show a decrease in the microbial
activity provided an increase in the dry density of
the compacted bentonites.

When gas generation in compacted bentonites
was studied, the most intense CO2 release was ob-
served in the samples with the lowest dry density,
i.e., 1.2 g/cm® At adry density of 1.45 g/cm?, carbon
dioxide is released much more actively from sample
10X-98 compared to T-103, in the first month of the
experiment. At a dry density of 1.7 g/cm?, the gas
release rates did not differ for the bentonites col-
lected from different deposits.

It is important to note that in compacted benton-
ites incubated with model formation water, no sig-
nificant changes in the structure of smectites and
in the mineral composition of bentonites (dissolu-
tion or synthesis of new phases) were detected over
three months.

PGMG with a concentration of 0.5 wt.% turned
out to be the most promising biocidal additive for
the studied clay materials. Moreover, it also seems
to contribute to the immobilization of redox-active
radionuclides and can slow down steel corrosion.
However, in cases when the requirements for the
barrier materials in a DGR have to be validated, it is

Methods Providing Microbial Suppression
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recommended to consider the influence of various
factors on the formation of functional properties, in
particular, the use of biocidal additives on insulat-
ing properties, as well as the duration of their effect.
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