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Abstract

Bentonite clays are used as a barrier material in engineered barrier systems (EBSs)
for deep geological repositories (DGRs) worldwide to store nuclear waste. The
characteristics of low hydraulic permeability in a saturated state and swelling pressure,
which enhance self-sealing, make it different from other materials. Instrumental
techniques such as Fourier Transform Infrared (FTIR) spectroscopy, Thermogravimetric
Analysis-Differential Scanning Calorimetry (TGA-DSC), and Brunauer-Emmett-Teller
(BET) are widely used to study bentonite's mineralogical and physicochemical
characteristics. This study investigates the comparative structural, thermal, and surface
properties of bentonite subjected to hydrothermal treatments in varying ionic
environments: deionized water (DIW), 0.08 M KCI, 1 M KCI, and Korea Underground
Research Tunnel (KURT) water, using FTIR spectroscopy, TGA-DSC, and BET surface
area analysis. The thermal behavior of bentonite samples provides key insights into
structural stability through responses of the octahedral and tetrahedral sheets. TGA-DSC
and FTIR Results indicate that 1 M KCI treatment significantly enhances structural
stability and thermal resistance, evidenced by delayed dehydroxylation (500-700 °C) and
minimal tetrahedral sheet rearrangement, reflecting strong interlayer reinforcement via K*
ion exchange. This is stated by reduced OH intensity in FTIR and lower weight loss (8.8
wt%) in TGA. However, KURT water-treated bentonite exhibits the highest swelling
capacity and the least thermal stability, characterized by extensive interlayer hydration,
as evidenced by broad and intense FTIR OH bands, and early octahedral breakdown.
The 0.08 M KCI sample demonstrates a balanced performance. It maintains the pore
volume (0.08 cc/g) and a relatively high BET surface area (52.95 m?/g), making it suitable
for sorption applications where pore accessibility is better than 1 M KCI sample. Raw
bentonite, which is an unmodified sample, shows moderate thermal performance, the
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highest BET surface area (57.64 m?/g), and sharp FTIR peaks, as indicating a rigid and

structurally intact profile. This comprehensive study demonstrates the significance of the
ionic environment in altering the physical and chemical properties of bentonite for various
engineering and environmental applications.

Keywords: Hydrothermal reaction, Bentonite, Bentonil-WRK, tetrahedral sheet,
octahedral sheet, interlayer, surface properties

1. Introduction

Nuclear technology has found widespread applications across industries,
transportation, medicine, food, paint, wastewater treatment, and agriculture over the
years (Alabbadi et al., 2024; Caglar et al., 2009; Hayati-Ashtiani, 2011a; Koksal et al.,
2011; Sarcheshmeh et al., 2018; Y. Wang et al., 2025)(Alabbadi et al., 2024; Caglar et
al., 2009; Hayati-Ashtiani, 2011a; Koksal et al., 2011; Sarcheshmeh et al., 2018; Y. Wang
et al., 2025). According to the World Nuclear Association's annual report published in
September 2025, the world's nuclear electricity production reached 2,667 TWh in 2024,
which is the highest annual level in history. The present production of nuclear electricity
has been a significant factor in the fight against climate change, as it has prevented the
estimated 2.1 billion tons of CO2 emissions. Though it is considered a clean energy
source, it still produces millions of tons of waste fuel and radioactive materials daily, which
have adverse effects on the environment, human health, and animal health. As a result,
to ensure the safe disposal of low and intermediate-level radioactive waste and spent
nuclear fuel, deep geological repositories (DGRs) have emerged as a viable long-term
solution (Zhang et al., 2016).

Geological disposal of high-level radioactive waste relies on a multi-barrier system
designed to prevent radionuclide migration into the surrounding environment (Ojovan &
Steinmetz, 2022). To protect the surrounding environment, these repositories are typically
placed at 500-700 m below ground surface and are safeguarded by multiple containment
barriers comprising both natural barrier systems (NBS) and engineered barrier systems
(EBS) to ensure long-term environmental protection and containment integrity (Im et al.,
2023). The natural barrier system (NBS) includes the host rock and its adjacent
geological formations, while the engineered barrier system (EBS) typically comprises the
waste container, a smectite clay-based buffer or backfill material, and a shaft (N. Li et al.,
2025).

Clay-rich materials are widely recognized as effective buffer components within the
EBS of nuclear waste repositories. Clay minerals are a diverse class of aluminosilicates,
highly valued for their inherent reactivity due to their fine grain size, expansive surface
area, and varied adsorption properties. Bentonite is a prominent example, which is a
primarily composed of montmorillonite of a 2:1 phyllosilicate classified within the smectite
group (Brigatti et al., 2006; Hassan & Abdel-Khalek, 1998; Hayati-Ashtiani, 2011a).
According to Pusch et al, an effective sealant must exhibit low hydraulic conductivity,
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limited radionuclide transport, and sufficient swelling ability to close gaps between the

buffer and the host rock (Pusch, 2006; Pusch et al., 2003). As a result, bentonite has
been extensively studied due to its low permeability, limited diffusion, strong radionuclide
retention capacity, and swelling behavior, which enable self-sealing of fractures induced
by excavation or thermal effects (Sellin & Leupin, 2013; Stsiapanau, 2025). When
bentonite is compacted around the canister, it helps limit the movement of radionuclides
(Kale & Ravi, 2021).

Deep geological repositories are typically built in low-permeability formations, since
hydration of the surrounding rock can alter bentonite properties and potentially create
migration pathways (Mokni et al., 2016). In addition, factors such as moisture transfer,
thermal effects, mineral composition, and rock fabric influence the geomechanical
behavior of the host rock and, consequently, the long-term performance of the bentonite
barrier (M. V. Villar & Lloret, 2004). In 1996, Lingnau et al. conducted a study to monitor
the performance of saturated bentonite buffers at elevated temperatures and to assess
changes in their stress-strain response up to 100 °C (Delage et al., 2010; J. O. Lee et al.,
2016a; Lingnau et al., 1996; Romero et al., 2005; Tang et al., 2008; M. C. Wang et al.,
1990; Zheng et al., 2015). Several other studies have examined the influence of
temperatures between 20 °C and 800 °C and have addressed changes in the
physicochemical and hydromechanical properties of clay (Jefferson & Foss Rogers, 1998;
J. O. Lee et al., 2016b; Tan et al., 2004; M. V Villar et al., 2010; Ye et al., 2014). These
investigations show that properties such as plastic and liquid limits, specific gravity of clay,
free swelling index, specific surface area, cation exchange capacity (CEC), maximum
moisture content, swelling pressure, and permeability are altered when compacted
bentonite is exposed to high temperatures. Although all the work addressed the fact that
bentonite performance declines with increasing temperature and prolonged exposure
time (Kale & Ravi, 2018, 2019).

The behavior of bentonites, particularly their structural integrity, hydration, and thermal
stability, is influenced by their surrounding ionic environment (Kabdrakhmanova et al.,
2025). The performance of bentonite as a barrier material is adversely affected by
increased groundwater salinity, which substantially reduces its swelling and expansion
capacity (Chen et al., 2022; Daniels et al., 2024). Within deep geological repositories
(DGR) for nuclear waste, barrier materials are subjected to a complex interplay of
evolving groundwater chemistry and elevated thermal conditions, primarily driven by the
decay heat emitted from the radioactive waste (C. Wang et al., 2022). This coupled
thermo-hydro-chemical stress may significantly influence their structural integrity and
long-term performance (Alzamel et al., 2022; Kgabi & Ambushe, 2023). Elevated
temperatures are expected to accelerate groundwater geochemical reactions, potentially
altering the chemical composition of bentonite. Consequently, a comprehensive
understanding of the coupled effects of temperature and geochemical interactions on the
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swelling behavior of bentonite is essential for evaluating its long-term performance as a

barrier material in deep geological repositories (Pereira & Koppe, 2024).

In clay minerals such as montmorillonite, certain cations including K*, NH,*, Rb*, and
Cs* can become fixed within the interlayer space [36]. Earlier studies, largely conducted
on oven-dried samples, examined how factors such as octahedral occupancy, variations
in octahedral and tetrahedral sheets, and the nature of the solvent and exchangeable
cations influence this fixation process. Over time, attention has also focused on
mineralogical transformations of montmorillonite under thermal and chemical conditions,
particularly its conversion to chlorite, kaolinite, and illite. Experimental and in-situ
evidence indicates that reduction of Fe(lll) to Fe(ll) favors chlorite formation, whereas
acidic conditions and elevated AI** concentrations promote kaolinite development
(Arasan et al., 2010; Fernandez et al., 2018; Kumar et al., 2024; S. Li et al., 2020; Liu et
al., 2025; Meng et al., 2018; Mills et al., 2023; Zhu et al., 2020).

lllitization process is closely associated with K*-rich and alkaline environments, such
as those arising from cement degradation in high-level radioactive waste (HLW)
repositories, where pore fluid chemistry evolves, and montmorillonite dissolution may
occur. Hydrothermal studies commonly report the formation of illite or illite/smectite mixed
layers in the presence of KCI, with temperature and reaction time strongly influencing the
process. During prolonged exposure to elevated temperatures, K* from solution replaces
interlayer Na* and Ca?" and becomes fixed, gradually transforming montmorillonite into
illite through mixed-layer phases (Kumar et al., 2024; Mills et al., 2023; Ohazuruike et al.,
2025). This coupled thermal-chemical interaction reduces swelling capacity and
accelerates illitization, accompanied by structural and physicochemical changes
characterized by BET, FTIR, TGA-DSC, and swelling pressure
measurements(Ohazuruike & Lee, 2023).

This study aims to investigate a comparative assessment of the structural, thermal,
and surface properties of bentonite subjected to hydrothermal treatment (100 °C for 5days)
in four distinct ionic environments: deionized water (DIW), 0.08 M KCI, 1 M KCI, and
natural groundwater obtained from the Korea Underground Research Tunnel (KURT),
alongside untreated raw bentonite (Bentonil-WRK) for baseline comparison. Both the raw
and treated samples were characterized using Fourier Transform Infrared (FTIR)
spectroscopy, Thermogravimetric Analysis coupled with Differential Scanning
Calorimetry (TGA-DSC), and Brunauer-Emmett-Teller (BET) surface area analysis.
These techniques were employed to evaluate the physicochemical alterations induced by
hydrothermal exposure and varying ionic conditions, with particular emphasis on
deviations from the native properties of raw bentonite (Caglar et al., 2009; Hayati-Ashtiani,
2011b).
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2. Experimental Methodology

2.1. Materials

In this study, raw Bentonil-WRK, 0.08 M KCI, 1 M KCI, KURT water, and DI water were
used to examine how increased K* concentration and hydrothermal reaction affect the
physical, chemical, and mineralogical behavior of Bentonil-WRK bentonite as buffer
material of Korean EBS. The raw Bentonil-WRK, which is a Ca-type sample, was chosen
to assess the material's basic mineralogical, microstructural, and hydraulic properties
before interacting with a specific ionic environment, providing a baseline for comparison
(Yoon et al., 2024). 0.08 M KCI solution has a low to moderate K* concentration, which
may provide information related to slightly reduced swelling pressure and the early stage
of the illitization process. 1 M KCI was selected as it has a high concentration of K* that
may provide significant information on reduced swelling pressure, particle aggregation,
and significant microstructural and mechanical changes (Xiong et al., 2024). KURT water
was included because it reflects the site-specific groundwater chemistry in the Korea
Underground Research Tunnel, where Bentonil-WRK is considered a buffer material (Kim
et al., 2022). Using KURT water links the experiments to realistic repository environments
and represents the combined effects of naturally occurring ions rather than a single ionic
environment. Moreover, DI water was used in this experiment, as it has a low ionic
strength and is free of K* and other electrolytes, making it ideal for observing bentonite
swelling and hydraulic response with minimal chemical interactions.

The Bentonil-WRK used in this study was purchased from Clariant (Korea) Ltd.
According to the product specifications, the material contains at least 75% montmorillonite
with a minimum swelling volume of 3 mL per 2 g and a cation exchange capacity (CEC)
of not less than 60 meq/100 g. The pH of the material does not exceed 10, and the
maximum water content is 15%. In addition, the fraction passing through a 200-mesh
screen is limited to 20%. All properties are reported under standard conditions at 20 °C.
Table 1 represents the properties of Bentonil-WRK clay.

Table 1. Bentonil-WRK Specification.

Characteristics Values
Montmorillonite content Min 75%
Swelling volume Min 3ml/2g
pH Max 10
Water content Max 15%
Particle size (200mesh) Max 20%
CEC Content Min 60meq/100g

Potassium chloride (KCI; Sigma-Aldrich, 99-100.5 % purity) was used to prepare two
ionic solutions—0.08 M and 1 M. To simulate the groundwater composition of the Korea
Atomic Energy Research Institute (KAERI) Underground Research Tunnel (KURT), a
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synthetic solution was prepared using sodium chloride (Sigma-Aldrich, =99 % purity),

calcium chloride dihydrate (CaCl2-2H20; Research Product International), magnesium
chloride hexahydrate (MgClz-6H20; Research Product International), potassium sulfate
(K2S04; Sigma-Aldrich, ~99 % purity), and sodium sulfate (Na2SOs4; Sigma-Aldrich, 99 %
purity). Deionized water was used as the solvent for all solutions and to prepare the DI
water-based sample. All chemicals were obtained from standard commercial suppliers
and used without further purification.

2.2. Sample preparation
2.2.1. 0.08M and 1M KCI & KURT water preparation

To prepare 1 L of 0.08 M KCl solution, 5.964 g of KCl was dissolved in deionized water.
For the 1 M KCI solution, 74.55 g of KCI was dissolved in deionized water to achieve the
required concentration. A synthetic groundwater solution was prepared using analytical-
grade salts to simulate the aerobic underground water composition of the Korea
Underground Research Tunnel (KURT), as listed in Table 2. Specifically, 20.8 mg of NaCl,
69.7 mg of CaCl2:2H20, 14.2mg of MgCl2:6H,0O, 1.07 mg of K2SO4, and 6.46 mg of
Na2S0a4s were dissolved in 1 L of deionized water. The solution was stirred thoroughly to
ensure complete dissolution of all salts. The pH was adjusted to the target range of 7.7-
8.0 using diluted NaOH or HCI. To achieve a dissolved oxygen concentration of 4.2-
5.0 mg/L, the solution was aerated by bubbling ambient air for several minutes. The final
synthetic KURT water was stored in a sealed container to prevent CO2 absorption and
evaporation before use in the hydrothermal treatment experiments.

Table 2. Chemical composition of aerobic underground water obtained in KURT (Jang et
al., 2025).

pH Cl Na* Ca? Mg?* K* S0;~ O
KURT 7.7-8.0 3.1 8.2 19 1.4 0.48 4.2 4.2-5

2.2.2. Hydrothermal treatment

Bentonil-WRK was used in hydrothermal studies with 0.08 M and 1 M KCI solutions,
KURT water, and deionized water to examine the illitization process and other possible
chemical reactions/processes. In each hydrothermal reaction, a 500 mL autoclave reactor
was used to contain 150 g of raw bentonite and 300 g of the equivalent solution (1 M KCI,
0.08 M KCI, KURT water, deionized water), as resulting in a solid-to-liquid ratio of 1:2
(w/v). The reactors were cooled to room temperature under ambient conditions after being
heated to 100 °C for five days in a mechanical convection oven (Thermo Scientific
Heratherm OMH60-S-SS), in order to replicate subsurface hydrothermal conditions (K.
J. Leeetal., 2023a; Xiong et al., 2024; Xiong & Lee, 2024). Figure 1 shows the Schematic
of the hydrothermal reaction experiment.
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Figure 1. Schematic of a hydrothermal reaction experiment.

The solid-to-liquid ratio of 1:2 (w/v) was chosen to ensure adequate K* ion availability
for cation exchange and fixation within bentonite's smectite interlayers, while avoiding
excessive dilution that may affect reaction kinetics. This ratio ensures adequate liquid
volume for homogenous mixing and a uniform hydrothermal reaction process. Moreover,
the reaction temperature of 100 °C replicates subsurface conditions in near-field
geological repository environments, where smectite-to-illite conversion develops
gradually over geological time. A five-day timeframe was chosen to capture initial kinetic
measurements, such as K* absorption and interlayer collapse, without advancing the
reaction to later stages that may minimize early structural/mineralogical and physico-
chemical changes (K. J. Lee et al., 2023b; Xiong et al., 2024).

2.2.3. Sample cleaning, crushing, and sieving

After hydrothermal treatment, the samples were cleaned with a post-processing
procedure to remove residual salts. Each sample was rinsed three times by centrifugation
at 4,000 rpm for 56 minutes per cycle, using a 1:16 volume ratio of the hydrothermal
suspension to deionized water. Following rinsing, the samples were oven-dried at 60 °C
until a constant weight was achieved, indicating moisture removal. The dried materials
were ground using a ball mill to obtain a homogeneous fine powder suitable for
subsequent analyses. This rinsing, drying, and crushing protocol was uniformly applied
to all treated samples, including those prepared with 0.08 M KCI, 1M KCI, synthetic KURT
water, and deionized water. These prepared samples were subsequently subjected to
thermal and physico-chemical characterization using BET surface area analysis, FTIR,
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and TGA-DSC analysis (Biglari et al., 2021; Borah et al., 2022; Hussain & Ali, 2021;

Jozanikohan & Abarghooei, 2022).

2.3. Characterization techniques
2.3.1. TGA-DSC analysis

The thermal properties of the bentonite samples were thoroughly examined using
TGA-DSC analysis on a PerkinElmer STA6000 to evaluate structural stability, hydration
characteristics, and dehydroxylation processes at various temperatures. Finely ground
samples (~15 mg) were placed in a cleaned ceramic crucible and analyzed. The
temperature was increased from 30 °C to 990 °C at a heating rate of 5 °C/min under the
purge gas (argon) with the flow rate of 19.8 mL/min. Thermal data were collected and
evaluated to identify mass-loss events and determine the thermal properties of the
samples.

The TGA-DSC study identifies two main thermal events: the initial dehydration phase,
which includes the loss of adsorbed and interlayer water, and the significant
dehydroxylation of the octahedral sheets. These thermal phenomena can be seen within
specific temperature intervals, encompassing initial water loss between (30-200 °C),
dehydroxylation (500-700 °C), and final rearrangement (700-990 °C), as offering critical
insights into the clay's thermal behavior. Table 3 presents the general behavior of
tetrahedral and octahedral sheets as a function of temperature and time.

Table 3. Tetrahedral and octahedral sheet behavior with temperature and time.
Temperature Structural

Primary event ) Effect over time
range behavior
o Adsorbed water No sheet Dehydration, but structure
30-200 °C :
loss damage yet intact
Interlayer water Slight Long heating slowly weakens
200-600 °C expansion  or
loss . layers
weakening
Octahedral

sheets break Faster at high temperature or
apart  (Al-OH long time; collapse initiation
loss)

500-700 °C Dehydroxylation

Final Tetrahedral
700-990 °C dehydration and sheet partial
rearrangement  collapse

Form amorphous or new
crystalline phases

2.3.2. FTIR analysis
The functional groups of the original bentonite and post-hydrothermal reaction
samples treated with 0.08 M KCI, 1 M KCI, synthetic KURT water, and deionized water
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were examined using a PerkinElmer Fourier transform infrared spectroscopy (FTIR). To

remove adsorbed water, all samples were dried in an oven at 60 °C for two hours before
the analysis. Prior to every measurement, the ATR crystal was cleaned with a chem-wipe
soaked with isopropyl alcohol, and the surface of the crystal was directly covered with
powdered sample particles. At first, a background spectrum was collected without any
sample. Then the sample spectrum was measured under controlled IR intensity and
applied load. A force gauge bar was used to monitor the contact pressure between the
sample and the ATR crystal.

2.3.3. BET specific surface area and pore size distribution analysis

Gas sorption with nitrogen was used to characterize the specific surface area and pore
structure of the bentonite powders. The measurements were performed on a
Quantachrome NOVATouch BET sorption analyzer using nitrogen as the adsorbate. The
bentonite was first gently ground in a mortar and pestle to a particle size of about 10 um,
and the sample mass was selected to yield a total specific surface area of 50-60 m2. The
powder was then degassed for 18 hours at 300 °C under nitrogen gas flow with a heating
rate of 10 °C/min, after which the dry sample mass was 0.13 g. Following degassing,
nitrogen adsorption-desorption measurements were carried out at -200 °C for 12 hours to
obtain the sorption isotherm. Relative pressure resolution is known to be 1.5 x 10~7 P/Po.

3. Results and Discussions
3.1. TGA-DSC analysis

TGA-DSC analysis of the bentonite samples reveals a rapid weight loss with
increasing temperature for both the raw and hydrothermally treated materials, reflecting
the coupled effects of dehydration and dehydroxylation on their thermal behavior. 2 !
Fx QEL L 4 §l5 Y. presents the thermal degradation profiles of all samples
and hydration state on thermal stability and structural integrity.
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Figure 2. Weight derivative versus temperature for different bentonite
samples.

From the raw bentonite TGA curve, dehydration occurred in two main steps, with a
total mass loss of approximately 7% between 85 °C and 140 °C, attributed to the removal
of physically adsorbed and interlayer water; this indicates the loss of the initial water
content within the octahedral and tetrahedral layers. Between 200 °C and 400 °C, the
mass remains essentially stable, as suggested by the absence of major structural
transformations in this interval.

At higher temperatures, a dihydroxylation event was observed, corresponding to an
additional 5.5% weight loss between 490 °C and 705 °C. Structural hydroxyl groups in
the octahedral sheets were transformed into water and subsequently released over time.
This step was slower than the low-temperature dehydration, consistent with the
breakdown of hydroxyl-bearing structural units rather than loosely bound water. Between
700 °C and 900 °C, the TGA curve becomes nearly horizontal, indicating that most volatile
species have been removed and that the residual clay framework has largely completed
its thermal decomposition. The total mass loss of the raw bentonite over the total heating
range was about 12.5%, reflecting combined contributions from pore or interlayer water
and structural hydroxyls.

The KURT water-treated bentonite exhibits dehydration between 82 and 148 °C,
similar to the range observed for the raw bentonite, with a mass loss of 6.5 wt%.
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Dehydroxylation occurs at the lowest temperatures observed (480 and 700 °C),

accompanied by a total weight loss of 12.0 wt%. Compared to raw bentonite, the Kurt
water-treated sample has better thermal stability. The earlier dehydroxylation and greater
overall weight loss indicate extensive absorbed water and interlayer hydration.

The deionized water (DIW)-treated bentonite shows a lower initial dehydration peak
at 80 °C compared to the raw bentonite sample, with a mass loss of 6.0 wt% during
dehydration. Dehydroxylation occurs between 485°C and 705 °C, with a mass loss of 5.0
wt%. Consequently, the total mass loss reaches 11.0 wt%, as lower than the raw
bentonite (12.5 wt%). These results suggest that DI water treatment enhances interlayer
water retention, leading to earlier dehydration and lower overall thermal stability.

The 0.08 M KCl-treated bentonite exhibits a dehydration step between 78 °C and
145 °C, slightly lower than 1M KCI bentonite, indicating some effect on the adsorbed
water. The first dehydroxylation occurs at 495 °C, marginally higher than the 490 °C of
raw bentonite, while the second step remained consistent at 705 °C for both samples.
The total weight loss for the 0.08 M KCl-treated sample was 10.8 wt%, primarily due to a
slight increase in dehydration weight loss. Overall, this sample exhibits intermediate
thermal stability, suggesting a balanced compromise between thermal stability and
potentially favorable pore accessibility.

The 1 M KCl-treated bentonite presents initial dehydration temperatures between
75 °C and 142 °C, the lowest among the samples compared to raw bentonite. Despite
this, its weight loss due to dehydration was 4.0 wt%, significantly lower than raw bentonite.
Critically, this sample shows elevated dehydroxylation temperatures in the range of
500 °C and 715 °C, which were notably higher than raw bentonite (in the range of 490 °C
and 705 °C), indicating a delayed dehydroxylation process. Furthermore, the 1 M KCI-
treated bentonite exhibits the lowest total weight loss of all samples at 8.8 wt%, compared
to raw bentonite's 12.5 wt%. These observations collectively signify that the 1 M KCI-
treated sample is the most thermally stable, demonstrating a significant improvement over
raw bentonite due to strong interlayer reinforcement and structural fixation via K* ion
exchange. According to Lee et al, hydrothermally treated bentonite samples subjected to
higher potassium ion (K*) concentrations showed reduced swelling pressure. This finding
is consistent with potassium-driven illitization, which limits water absorption in the
interlayer and swelling behavior. Moreover, K* fixation collapses smectite interlayers,
which is crucial for safely sealing the engineered barrier system.[61]

In F! HxX 22 ¥2 + ASLICL, DSC profiles represent the thermal events

associated with mass losses observed in the TGA analysis. It also shows initial
dehydration at 100-150 °C for all samples, corresponding to the evaporation of physically
adsorbed and interlayer water, a process that absorbs heat, followed by dehydroxylation
endotherms at 500-700 °C. Above 900 °C, heat flow stabilizes across all samples,
indicating the completion of the major thermal decomposition and thermal equilibrium. In
the high-temperature region between 700-900 °C, all samples show a continuous
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increase in heat flow, associated with final dehydroxylation and structural rearrangement

of the clay framework. The 1 M KCl-treated sample and the 0.08M KCl-treated sample
exhibit a relatively higher heat flow compared to the raw bentonite, DIW sample, and the
KURT water-treated sample, indicating that more energy is required for structural
reorganization, likely due to potassium-induced modifications within the interlayer. It also
indicates that the 1M KCI sample is the most stable. In contrast, raw bentonite, KURT
water-treated sample, and the DIW sample show comparatively lower heat flow,
suggesting a more altered or partially destabilized structure.

800

Final dehydration and
rearrangeement of tetrahedral
sheets (700-900 °C)

600

Heat flow (mW)
H
o
o

200

Dehydroxilation of the

/*’f octahedral sheet (500-700 °C)

0 100 200 300 400 500 600 700 800 900
Temperature(°c)
----- Heat Flow (0.08 KCI) -----Heat Flow (1M KCI)
—— Heat Flow (DIW) —— Heat Flow (KURT water)

——Heat Flow (raw Bentonite)

Figure 3. Heat flow versus temperature for different bentonite samples.

The thermal and structural analysis of bentonite samples indicates that 1 M KCI-
treated bentonite exhibits the highest thermal stability. In contrast, raw bentonite, DI water,
and KURT water-treated samples exhibited poor thermal resistance, with early octahedral
breakdown and pronounced DSC responses, reflecting weak structural stability, as shown
in Figure 3. The 1 M KCI and 0.08 M KCI samples exhibit higher thermal stability. Raw
bentonite, serving as the untreated sample, shows the lowest thermal performance. In
Table 4, Table 4. Comparative weight loss of raw bentonite and hydrothermally-treated
bentonitesthe weight loss of each sample during the dehydration steps and the
hydroxylation step is shown for different temperature ranges based on Figure 2 and
Figure 3 .

Table 4. Comparative weight loss of raw bentonite and hydrothermally-treated bentonites
samples

Stage Raw DIW-treated 0.08 M 1 M KCI- KURT water-
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bentonite bentonite KCI- treated treated
treated bentonite bentonite
bentonite
Dehydration step  85-140 80-150 78-145 75-142 82-148
(°C)
Weight loss by 7 6.0 5.5 4.0 6.5
dehydration
(Wt%)
Dehydroxylation  490-705 485-705 495-705 500-715 480-700
step (°C)
Weight loss by 5.5 5.0 5.3 4.8 5.5
dehydroxylation
(Wt%)
Total weight loss 12.5 11.0 10.8 8.8 12.0
(Wt%)

3.2. FTIR analysis after hydrothermal treatment

FTIR spectroscopy is a powerful analytical technique that was used to identify
functional groups in different samples, both before and after hydrothermal treatment. The
FTIR spectra of all samples are shown in Figure 4, and the presence of corresponding
peak wavelengths is summarized in Table 5. In Figure 4, the FTIR spectra display the
identical peak positions across all samples, indicating significant mineralogical phase
transformation and subtle differences in absorbance intensity. It can assess structural
integrity, ion exchange effects, and hydration states across the different treatments. It can
also examine characteristic absorption bands such as those related to Si-O stretching,
Al-O-Si/Si-O-Si bending, and O-H vibrations from both structural hydroxyls and adsorbed
water. The broad adsorption band observed between 3,390 and 3,440 cm™' represents
the -OH stretching vibrations of hydroxide groups. The low absorbance intensities of 1 M
KCl and 0.08 M KCl indicate lower interlayer water and fewer structural hydroxyls. It might
happen due to the K* fixation in the bentonite interlayers during hydrothermal reaction,
which affected the swelling capacity of 1 M KCI and 0.08 M KCI. Due to its lower water
absorption, it showed higher thermal stability than other samples in the TGA-DSC
response. Raw bentonite showed higher absorbance capacity, as indicating more water
in the interlayer, the presence of structural hydroxyls, and the silicate framework.
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Figure 4. Absorbance vs Wavelength peaks for each sample.

Table 5. FTIR wavelength peaks (Hayati-Ashtiani, 2011b).

Peak Wavelength Samples Functional groups
number (cm™)

1 3,400 Not significant in Broad -OH stretch (interlayer
1M KCI and water and structural hydroxyls)
0.08M KCI
samples

2 1,630 Extremely low -OH bending (adsorbed water)
intensity in 1 M
KCl and 0.08 M
KCI samples

3 1,000-1,100 All Si-O stretch (tetrahedral sheet)

4 500-800 All Al-O-Si, Si-O-Si bending (layer

connectivity)

A small adsorption band observed between 1,620 and 1,640 cm™' represents the -OH
bending vibrations of hydroxide groups. Like the OH stretching band, the OH bending
vibration shows the highest absorbance in raw bentonite and gradually decreases in
intensity in KCI-treated samples. A sharp peak has been observed in all samples between
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896 and 906 cm™', which corresponds to the Si-O stretching. In Figure 4, we can see a

lower Si-O absorbance peak in KCl-treated samples, indicating an increased density of
clay layers due to potassium ion fixation interlayers together; this is a physical
reorganization of interlayers rather than a mineralogical change. Moreover, the
deformation phases of the aluminosilicate framework in bentonite are represented by the
Al-Si-O and Si-O-Si bending vibrations observed in the 500-800 cm™' area of the FTIR
spectrum. These bands are linked to the AI-Si-O coupling between tetrahedral and
octahedral layers and the bending of Si-O-Si links within tetrahedral sheets. Differences
in absorption intensity between the raw bentonite and treated samples suggest structural
alterations, such as cation exchange or modifications to the clay layers. A small shift
toward lower wavenumbers usually indicates reduced Si-O bonding because of hydration
effects or interactions with potassium ions.

In summary, FTIR analysis indicates pronounced variations in structural and hydration
characteristics among the bentonite samples. Figure 4 presents the absorbance spectra
for all samples, where several characteristic peaks are notably absent in the 1 M KCI and
0.08 M KCl-treated samples. We can see raw bentonite exhibits the strongest and
sharpest absorbance peaks, particularly at ~3,400 cm™ (-OH stretching) and ~1,000 cm-
1 (Si-O stretching), indicating a rigid, unmodified layered structure rich in structural
hydroxyls and silicate bonds. KURT water-treated bentonite exhibits broad, intense -OH
bands, suggesting extensive interlayer hydration and swelling. DIW-treated bentonite
also displays elevated -OH bending bands, though slightly less than KURT, indicating
moderate water absorption capacity. The 1 M KClI-treated sample shows reduced -OH
intensity but slightly sharpened silicate peaks, reflecting structural compaction due to ion
exchange. 0.08 M KCl-treated bentonite presents weak FTIR signals overall, implying
minimal ion exchange and hydration. These spectral variations collectively confirm that
hydration, ion exchange, and structural reorganization vary strongly with potassium ion
concentration during hydrothermal treatment.

Table 6 summarizes the comparison based on the analysis of major FTIR peaks. In
agreement with the structural interpretation presented in Table 6, the results suggest that
partial ion exchange occurred in the 0.08 M KCIl sample, with only limited swelling inferred
from the FTIR peak analysis. 1 M KCl-treated case has a strong ion exchange capacity
and a lower structural shift during swelling. For the KURT water and DIW-treated samples,
significant hydration and swelling capacity have been observed. Raw bentonite has the
highest water-absorbing capacity, indicating a higher swelling capacity and a highly
ordered, unmodified structure.

Table 6. Comparison between samples for FTIR major peaks.

Feature Associate 0.0 8M 1 M KCI DIW KURT Raw
d KCI water bentonite
structural
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3.3. BET sorption analysis

The BET sorption analysis method is widely recognized for characterizing the surface
area and pore structure of porous materials. This analysis provides insights into a
material’s adsorptive capabilities, which are directly influenced by its specific surface area,
average pore size, and total pore volume. For bentonite, understanding these parameters
is essential for evaluating its performance across applications, including adsorption,
catalysis, and barrier applications. This section will detail the BET analysis results, by
illustrating how hydrothermal treatment with various ionic environments impacts the
properties of the bentonite samples.

The adsorption and desorption study was performed using a BET sorption analyzer
(Quantachrome NOVATouch) to measure the variations in specific surface area, average
particle radius, average pore radius, and total pore volume of Bentonil-WRK, before and
after the hydrothermal reaction. The collected results are presented in Table 7. Various
analytical approaches (e.g., multipoint BET, single-point BET, Langmuir method, BJH,
DH, V-t, DR, DFT, GCMC, HK, and SF) were employed to reduce measurement errors
(Song & Sandi, 2001). During the hydrothermal treatment of four distinct samples (1 M
KCI, 0.08 M KCI, DIW, and KURT water-treated samples), a decrease in specific surface
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area and total pore volume was observed, accompanied by an increase in the average

particle and pore radius. This reduction in surface area, together with the increase in pore
size, suggests that the clay particles underwent aggregation and/or that micropores
coalesced into mesopores, thereby reducing the total surface area available for
adsorption. On the other hand, if the surface area increases, it may suggest that pore
openings have been cleaned or expanded, possibly due to the removal of impurities or
etching new pores. Table 7 represents the surface area and pore structure (e.g., average
particle radius, average pore size, and pore volume) of raw bentonite and treated samples
after the hydrothermal reaction from the BET sorption Analysis. In Figure 5, BET results
visually demonstrate how hydrothermal conditions influence the available surface area of
bentonite clay for sorption and the porosity of bentonite.

Table 7. BET sorption analysis results.

BET surface Aver'age Average pore Pore volume
Sample area (m?#/q) particle size (nm) (cclg)
radius (nm)
Raw bentonite 57.64 23.657 2.87 0.082
DIW-treated 54.79 25.080 2.93 0.081
bentonite
KURT water- 25.341
treated 53.72 2.98 0.08
bentonite
0.08 M KClI- 25.751
treated 52.95 3.13 0.08
bentonite
1M KC-trgated 50.47 27.017 3.91 0.07
bentonite
60
58
@ 56
% 54
g 52
48
46
Raw DI water Kurt water  0.08M Kcl 1M kcl

Bentonite

Figure 5. BET sorption results: surface area.
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The raw bentonite sample has the largest surface area (57.64 m?/g) and the smallest
average particle radius (23.657 nm), as shown in Figure 5. The individual particles in raw
bentonite are smaller and more independent, providing more available adsorption sites.
In the DIW-treated sample, the surface area decreases to 54.79 m?#g, indicating that even
the absence of external ions, heat, and moisture causes clay platelets to aggregate
together. In KURT water-treated sample, the surface area decreases to 53.72 m?g.
According to the composition of KURT water (Table 2), which contains multivalent ions
such as Ca** and Mg?¥, it acts as a chemical bridge, pulling the clay layers closer together
than DIW-treated sample.

The K*-treated samples (0.08 M KCI and 1 M KCI) showed a correlation between salt
concentration and structural alterations. At 0.08 M KCI concentration, surface area
reduces to 52.95 m#g and average particle radius increases to 25.751 nm. This shows
that even a small concentration of diluted potassium solution is sufficient to neutralize the
repulsive interactions between clay platelets, leading them to aggregate into thicker layers.
Interestingly, the average pore size increases to 3.13 nm in this sample; from this, we can
predict that the finest, most fragile holes are the first to disappear as the particles gather.

The 1 M KCl-treated sample shows the most pronounced structural alteration, with the
lowest surface area of 50.47 m?/g and the largest particle radius of 27.017 nm. In this
highly concentrated environment, the excess of potassium ions initiates a process known
as ion fixation (Derkowski & Kuligiewicz, 2022). Where, K* ions enter bentonite's
interlayer spaces and effectively lock the layers together, permanently limiting the
materia’s capacity to expand and give accessible surface area. This is reflected in the
pore volume, which reaches its lowest point at 0.07 cc/g, indicating a compact and dense
structure. The increased salt content converts the formerly porous clay into a much
coarser material with significantly fewer active adsorption or chemical interaction sites.

Figure 6 illustrates the comparative pore volume and average pore size of bentonite
samples treated with DI, 0.08 M KCI, 1 M KClI, and KURT water, as well as raw bentonite.
The blue bar represents the total pore volume (cc/g). Overall, the results illustrate how
different treatments influence the balance between pore accessibility and structural
compaction. Raw bentonite exhibits the most favorable balance for sorption-related
applications, while increasing K* ion concentration leads to progressive changes in pore
structure and overall structural configuration.
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Figure 6. Pore volume (cc/g) and average pore size distribution (nm).

4. Conclusions

The sustainable performance of bentonite is essential for the safe storage of nuclear
waste and maintaining the integrity of the engineered barrier system (EBS). Through
hydrothermal reactions with KCI solutions at different concentrations, KURT water, and
DIW, this study experimentally examined the changing characteristics of Bentonil-WRK
that affect EBS’s long term functionality. This study aimed to compare the
physicochemical and mineralogical/structural changes in Bentoni-WRK after
hydrothermal treatment in various ionic environments to replicate the thermal and ionic
effects actual EBS systems. For this investigation, we first conducted hydrothermal
reaction treatment for 5 days and then cleaned the samples thoroughly to remove excess
salts.

The experimental results indicate that the chemical composition of the surrounding
environment would have a significant impact on bentonite's structural and thermal
properties. According to the BET analysis, raw bentonite initially had the highest
accessible surface area and a stable mineral profile, but after hydrothermal reaction and
particularly under a higher potassium-ion environment, it caused significant physical
changes. 1 M KCl-treated sample’s results showed a lower surface area due to structural
compression, as K* ions occupied the interlayer space, as increasing thermal resistance.
While KURT water-treated sample maintained high hydration, it presented lower thermal
stability, suggesting that natural groundwater ions such as Ca?* and Mg?* may degrade
the clay's octahedral framework at higher temperatures. The 0.08 M KCl-treated sample
provided an important middle ground, retaining adequate pore volume and surface area
to remain efficient for sorption while being less stable than raw or groundwater-treated
samples. Finally, these findings demonstrate that if bentonite is used in nuclear waste
repositories, its long-term success as a sealing barrier will depend on a careful balance
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between maintaining its porous surface and ensuring it withstands the thermal stresses

of its specific geological surroundings.
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