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Quantitive assessment of the use of Kazakhstan
montmorillonite clays as sorbent carriers
for pharmaceutical substances
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Bentonite materials are widely utilized across various industries due to their unique physicochemical prop-
erties. This study presents a qualitative and comparative analysis of mineral substances derived from ben-
tonite clay deposits in East Kazakhstan. The montmorillonite content in the samples ranges from 75.5%
to 88%, with adsorption capacity (determined by the methylene blue method) varying between 119 and
204 mg/g. The pH of the samples lies within the range of 7 to 10. FTIR and XRF analyses confirmed the
presence of major components such as silicon and aluminum oxides, while X-ray diffraction identified
montmorillonite as the dominant crystalline phase. Textural characterization revealed specific surface areas
of 94-104 m?/g, pore volumes of 0.03—0.05 cm?/g, and pore sizes between 0.8 and 1.04 nm. SEM analysis
demonstrated a flaky, layered, and porous morphology typical of bentonite. Based on these properties,
the bentonite samples exhibit strong potential for industrial use. They are applicable in oil production (as
components of drilling fluids) and construction (as insulating and sealing agents). Additionally, their high
sorption capacity makes them promising candidates for pharmaceutical applications, particularly as carriers
in topical formulations such as ointments and pastes for wound healing and inflammatory skin conditions.
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1 Introduction

Currently, the development of the chemical in-
dustry, environmental degradation, the depletion of
natural resources, and the increase in synthetic prod-
ucts have posed new challenges for scientists. One
of the key objectives is to develop products derived
from economically viable and accessible raw materi-
als that do not have adverse effects on human health
[1]. In this context, the study of the properties of nat-
ural clays, which belong to the category of mineral
raw materials, and the identification of their potential
applications in industry and everyday life, is of par-
ticular relevance.

Bentonites are natural mineral clays composed
mainly of various metal oxides. Due to their chemi-
cal composition, they are widely used in the produc-
tion of construction materials [2], porcelain [3], as
additives in animal feed [4], and in such fields as
medicine, pharmaceuticals [5], and cosmetology [6],
which contributes to the growing demand for these
materials.

Approximately 30% of the global bentonite
reserves are located in China, 15% in the United
States, and 7% in Turkey [7]. Other countries with
significant bentonite resources include Greece, Rus-
sia, France, India, Turkey, Azerbaijan, Georgia, and
Armenia. In Kazakhstan, large bentonite reserves are
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concentrated in the southern and eastern regions [8].
In South Kazakhstan, the Dzherzhinskoye, Ildersay,
and Andreevskoye deposits are estimated to con-
tain around 100 million tons of bentonite, while the
Darbaza and Keles deposits hold approximately 58
million tons [9]. In Eastern Kazakhstan, the group
of deposits known as the Manyrak bentonite clays is
estimated to contain up to 50 million tons [10].

The distribution of bentonites across different
geographical regions, along with factors such as cli-
mate, geological structure, and local environmen-
tal conditions, contributes to the variation in their
physico-chemical properties [11]. Since the forma-
tion of mineral clays is a prolonged and complex
process, significant differences can also be observed
in the properties of bentonites extracted from differ-
ent depths within a single deposit [12]. These differ-
ences, in turn, are key factors determining the quality
and potential applications of bentonitic clay. There-
fore, identifying the chemical composition, phase
structure, and qualitative characteristics of natural
clays is of critical importance.

During geological exploration activities conduct-
ed in the 1960s, mineral clays from the Tagan de-
posit in Eastern Kazakhstan began to be extensively
studied [9]. According to X-ray phase analysis, the
bentonites of the Tagan deposit are predominantly
composed of montmorillonite minerals, with quartz,
feldspar, and calcite as secondary components [13].

In recent years, due to the rapid growth in oil and
gas production, special attention in the exploration
sector has been given to high-quality drilling fluids
based on bentonite powders, which are used for well
cementing. These materials are particularly relevant
for exploratory offshore oil drilling. Chemically un-
modified bentonite powders must possess high vis-
cosity and relatively high static shear stress. Such
properties are characteristic of the bentonites from
the 14th horizon of the Tagan deposit. Furthermore,
these bentonites are also used in the production of
cracking catalysts for crude oil processing. The ben-
tonite from the 12th horizon of the Tagan deposit is
notable for its high content of montmorillonite in al-
kaline form, which serves as the base material for the
pharmaceutical product Tagansorbent. This drug is
designed for the removal of heavy metal ions and is
used in cases of poisoning, diarrhea, and intoxication
[14].

In the 1990s, the physico-chemical properties of
bentonites from the Tagan deposit were studied, lead-
ing to an expansion in their fields of application [14].
According to studies [14, 15], the montmorillonite
content in Tagan deposit bentonites was reported to
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be 90-92%, which directly contributes to their high
binding capacity, as well as their adsorption and cata-
lytic activity [16].

The potential use of sulfuric acid-modified ben-
tonite from the 14th horizon of the Tagan deposit
for the removal of Cu?*, Pb*", Cd*", and Zn*" heavy
metal ions from mining wastewater has been investi-
gated in studies [17, 18]. These studies revealed that
the degree of sorption of heavy metal ions reached
90-98%. Furthermore, in the study [19], to increase
the surface area and enhance the sorption capacity
of Tagan bentonites, thermal activation at 120 °C
for 4 hours followed by treatment with sulfuric acid
for 2 hours increased the specific surface area up to
85 m¥/g.

In addition, the abundance of micro- and macro-
elements in Tagan bentonites has enabled the use of
clay from the 12th horizon for pharmaceutical pur-
poses [20]. At present, bentonite is used as an en-
terosorbent in the form of a ready-made product to
remove accumulated toxins and radionuclides from
the human body. It can also be applied as an antacid
to neutralize excess stomach acid [21]. Furthermore,
studies [22, 23] have shown the high potential for us-
ing this clay horizon as a feed additive.

In conclusion, based on the results of the con-
ducted literature review, it has been determined that
further research aimed at expanding the application
areas of bentonite clay remains highly relevant due
to its unique properties. Accordingly, this study pres-
ents a comparative analysis of the physico-chemical
properties of bentonites distributed in the East Ka-
zakhstan region, with a particular focus on their po-
tential application in medicine.

2 Experimental section

2.1 Materials

Chrysoidin 6 W, Rhodamine (C, H,N,O,-HCI
>85% (HPLC)), Trilon B, Methylene blue, sodium
pyrophosphate, ethanol (96%,C,H,OH), sulfuric acid
(98%, H,SO,), sodium hydroxide (=99%, NaOH),
potassium bichromate (=99%,K,Cr,0,),sodium thio-
sulfate (99%,Na,S O,), potassium iodide(=99%, KI)
obtained from Sigma-Aldrich (Bangalore, India). All
other reagents were of analytical grade a- were used
without additional purification.

2.2 Methods

2.2.1 Raw materials

Three different bentonite samples were col-
lected for the study from clay deposits in the East
Kazakhstan region, which are known to contain re-
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serves of alkali and alkaline earth metal bentonites.
Sampling of bentonite clay was carried out at three
discrete and representative points of the Tagan de-
posit at a depth of 1.5 meters, selected in advance
based on geological exploration data and clay stra-
tum mapping. To ensure the reliability of the analysis
and reflect the spatial heterogeneity of the raw mate-
rial, each sample was manually extracted using the
trenching method. The sampling sites were located
within a single clay bed, evenly distributed to avoid
areas of intensive weathering or anthropogenic im-
pact.The collected samples, each with a volume of
50 mL and a diameter of 10 mm, were ground us-
ing a FRITSCH-6 (GERMANY) planetary ball mill
at a temperature of 25 + 2 °C, with a rotation speed
of 300 rpm for 15 minutes. The ground material was
then sieved through a 0.01 mm mesh. The bentonite
samples used in the study were conditionally labeled
asB,B,, and B..

2.2.2 Quality indicators bentonites

The moisture content of the bentonite samples
was determined in accordance with ASTM D2216
“Standard Test Methods for Laboratory Determina-
tion of Water (Moisture) Content of Soil and Rock
by Mass”. The ash content was measured following
ASTM D2974 “Standard Test Methods for Determin-
ing the Water (Moisture) Content, Ash Content, and
Organic Material of Peat and Other Organic Soils”.
The mass fraction of montmorillonite in the bentonite
was determined according to GOST 28177-89.

The sorption capacity based on methylene blue
and the pH level were determined in accordance with
pharmacopoeial standard [18]. The adsorption capac-
ity of bentonite clays was determined in accordance
with the methodology outlined in the State Phar-
macopoeia of the Russian Federation, based on the
sorption of methylene blue from aqueous solution.
A pre-weighed amount of air-dried clay sample was
mixed with a methylene blue solution of known con-
centration and allowed to interact under controlled
conditions. The mixture was stirred and maintained
at room temperature for a contact time of 60 min-
utes. After equilibration, the suspension was filtered,
and the residual concentration of methylene blue was
measured spectrophotometrically at 667 nm. The
adsorption capacity was calculated from the differ-
ence between the initial and final dye concentrations,
expressed in mg/g of dry sorbent. Experimental pa-
rameters such as contact time, pH (maintained near
neutral), and solution concentration were standard-
ized in accordance with pharmacopoeial guidelines
to ensure reproducibility and accuracy.

2.2.3 XRF analysis

To determine the main oxide composition of the
bentonite clay, energy-dispersive X-ray fluorescence
spectroscopy (EDXRF) was employed. The analy-
sis was performed using the NEX CG II instrument
(Rigaku, Japan). This device is based on a fully dis-
persive optical system and features a highly sensitive
detector utilizing anisotropic X-ray radiation.

2.2.4 X-ray diffraction analysis

The structural and phase composition of the sam-
ples was investigated using X-ray diffraction (XRD)
on an X’Pert PRO diffractometer (Malvern Panalyti-
cal Empyrean, Netherlands) with monochromatized
copper radiation (CuKa, K-Alphal [A] = 0.1542)
and a scanning step of 0.02°. During the analysis, the
measurement angle ranged from 10° to 80°, with an
X-ray tube voltage of 45 kV and a current of 30 mA.
The measurement time per step was 0.5 seconds, and
a universal aluminum sample holder (PW1172/01)
was used. The obtained XRD patterns were analyzed
using the ICDD PDF-4/AXIOM XRD database.

The formula for calculating the interplanar spac-
ing ddd in X-ray diffraction analysis is based on
Bragg’s Law:

2dsin =nl —d = 1/(2sin ) (1)

2.2.5 FTIR analysis

The chemical structure of the bentonite samples
was analyzed using FTIR (FT-801 IR Spectrometer,
Simex, Russia) in the wavelength range of 5004000
cm™! with a resolution of 1 cm™ at a temperature of
25+2°C and 100 scans. During the analysis, the clay
powder was mixed with potassium bromide in a 1:9
ratio and ground in an agate mortar until a fully ho-
mogeneous mixture was achieved. Subsequently, a
tablet was prepared using a press in a die at 200 MPa
pressure, and water vapor was drawn using a vacuum
pump for 5 minutes to form the tablet.

2.2.6 SEM analysis

The surface morphology of the mineral clays was
investigated using a 3D-SEM instrument, Quanta
200 (FEI, Netherlands). Measurements were con-
ducted in high vacuum mode using a secondary elec-
tron detector with an accelerating voltage of 5 kV.
The surface of the mineral clays was coated with gold
nanoparticles to enhance electron transfer.

2.2.7 BET analysis
The specific surface area and pore characteristics
of the clay were investigated using the BSD-660S A3
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Physical Adsorption Analyzer based on low-temper-
ature adsorption of liquid nitrogen. The analysis was
conducted at a temperature of 30°C for a duration of
120 minutes. The specific surface area of the sam-
ples was determined using the BET method, while
the pore characteristics were analyzed using the BJH
(Barrett-Joyner-Halenda) method.

2.2.8 Thermogravimetric analysis

The thermal characteristics were studied with a
LabSysevo differential thermogravimetric analyzer
(Setaram, France), in an argon atmosphere. The tem-
perature range was 30+5 — 700+£5°C, with a heating
rate of 10+1°C/min. The mass of the samples was ap-
proximately 2542 mg.

2.2.9 Average partical size and Zeta potential

The zeta potential was measured using a Mal-
vern Zetasizer Nano ZS90 instrument (UK). The
Zetasizer systems utilize electrophoretic light scat-
tering (ELS) and dynamic light scattering (DLS)
methods, which provide information on the mo-
bility, charge, and size of particles in dispersive
systems ranging from nanometers to micrometers.
For each sample, 12 scans were performed per
run, with a total of 3 runs conducted. The entire
experiment was repeated at least three times. The
particle charge (zeta potential) was determined by

performing 12 scans, with a minimum of 3 runs
recorded. Error bars were obtained using the stan-
dard zeta potential software.

3 Results and discussion

3.1 Preparation of raw materials

The colors of mineral clays vary widely depend-
ing on the types and quantities of chemical elements
they contain [24]. The colors of the samples selected
for the study ranged from light to dark brown, as
shown in Figure 1.

The B, bentonite (Figure 1a) has a light color.
The light color of the B1 sample likely results from
its montmorillonite content and its classification as
an alkaline and alkaline earth type bentonite, as iden-
tified in the study [25]. Clays of this type are known
to exhibit high adsorptive properties, swelling in wa-
ter, and high plasticity [26].

On the other hand, the B, and B, samples are
brownish-red in color (Figure 1b, 1c). This indicates
the presence of iron oxides and other metal oxides
in the clay composition [6]. Such mineral clays are
known to be thermally stable, possess high strength,
and exhibit good adsorptive properties [27]. Accord-
ing to [28], colored bentonite clays can be used for
the production of ceramic glazes, porcelain dishes,
and construction materials.

Figure 1 — Bentonite samples: a—B;b—B,; ¢ - B,.

3.2 Quality indicators of bentonites

The results of the qualitative analysis of the ben-
tonite clays are shown in Table 1. Determining the
qualitative composition of bentonites allows for a
better understanding of their potential applications.
The quality of bentonite clays depends on the con-
tent and ionic form of montmorillonite [29]. In the
B, bentonite, the mass fraction of montmorillonite
was 88%, with a pH value of 8.9. In B, bentonite,
the montmorillonite content was 75.5%, and the pH
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value was 8.1, while in B, bentonite, the montmoril-
lonite content was 83%, and the pH value was 7.1.
According to the pharmacopeial article, the pH of
bentonite clays should range from 7 to 10, and their
methylene blue adsorption capacity should be no
less than 150 mg per gram for their high potential
in pharmaceutical applications [30]. Based on this
pharmacopeial guideline, it can be concluded that the
B, and B, samples have a higher potential for use in
pharmaceuticals. Moreover, the closer the pH of the
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bentonites is to a basic medium, the higher their ion
exchange properties [31].

The methylene blue adsorption capacity
reached its highest value of 204.4 mg/g in the B,
sample. In the B, sample, the capacity was 119.88
mg/g, while in the B, sample, it was 150 mg/g.

Table 1 — Qualitative properties of bentonites.

Additionally, the moisture content of the ben-
tonite clays ranged from 7.3% to 7.8%, which is
consistent with the norm of 8% indicated in the
pharmacopeial article (Table 1). This confirms the
potential of the bentonite clays studied for use in
pharmaceutical production.

Quality indicators
B, B, B,
Mass fraction of montmorillonite, % 88.0+0.02 75.5£0.21 83.0+0.5
Mass fraction of moisture, % 7.8+0.02 7.2+0.05 7.3+0.31
Mass fraction of ash content, % 14.04+0.41 15.1+£0.14 14.17+0,21
Sorption capacity, mg/g 204.4+1 119.88+5 182.02+6
pH 8.9+0.5 8.1£0.3 7.1£0.4

3.3 XRF analysis

The comparative elemental composition of the
bentonite clays is presented in Table 2. The main con-
stituents of the bentonite are silicon and aluminum
oxides. According to the obtained results, in sample
B,, SiO, was found to be 71.5%, AL,O, — 21.0%,
MgO - 3.67%, CaO - 1.98%, Fe O, — 1.43%, TiO,
— 0.135%, K,O — 0.0240%, and As,O,— 0.0004%.
In sample B,, the composition was SiO, — 70.1%,
ALO, - 17.2%, Fe O, - 6.62%, MgO — 2.85%, CaO
- 1.78%, TiO, - 0.799%, K,O — 0.0220%, and As,O,
—0.0010%. In sample B, the composition was SiO, —
69.4%, Al,O,—16.7%, Fe O, —8.58%, MgO —2.44%,
Ca0 - 0.965%, TiO, — 0.95%, K,O - 0.0297%, and
As,0,-0.013%.

From these values, it can be observed that the
content of aluminum and silicon oxides is signifi-
cantly higher, as these oxides are rock-forming ox-
ides and are part of the main composition of the

Table 2 — XRF analysis results of bentonites.

bentonite crystal lattice [32], which is confirmed by
the results where spectra corresponding to the bonds
of these compounds were identified. Furthermore,
the reddish-brown coloration in the samples B, and
B, indicates an increased iron content, 6.62% and
8.58%, respectively. Bentonites B, has a relatively
low iron oxide content (1.43%).

In addition, the concentrations of trace metal
oxides were determined as follows: in sample B,
Cr,03 — 0.0021%, PbO — 0.0003%, and As,03
— 0.0004%; in sample B,, Cr,03 — 0.175%, PbO
- 0.0025%, and As;O3 — 0.0010%; in sample B,,
Cr205 — 0.0199%, PbO — 0.0035%, and As,Os; —
0.0013%. Among these, only sample B, meets the
maximum permissible concentrations specified by
the relevant pharmacopeial standards. Therefore,
this sample can be considered safe in terms of tox-
ic heavy metal content and is deemed suitable for
medical use.

Composition B, B, B, Composition B, B, B,
MgO, % 3.67 2.85 2.44 GeO,, % 0.0002 - 0.0006
ALO,, % 21.0 17.2 16.7 As,0,, % 0.0004 0.0010 0.0013
Si0,, % 71.5 70.1 69.4 Se0,, % 0.0002 0.0009 0.0010
P,O,, % - 0.0826 0.0997 Br, % - 0.0001 0.0002

SO,, % 0.0387 0.192 0.494 Rb,0, % 0.0004 0.0005 0.0004
Cl, % 0.0043 0.0046 0.0159 SrO, % 0.358 0.0380 0.0332
K,0, % 0.0240 0.0220 0.0297 Y,0,, % 0.0008 0.0023 0.0026
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Continuation of the table

Composition B, B, B, Composition B, B, B,
CaO, % 1.98 1.78 0.965 Nb,O,, % - 0.0028 0.0034
TiO,, % 0.135 0.799 0.952 Ag,0,% 0.0008 - 0.0007
V20,, % 0.0037 0.0259 0.0343 SnO,, % 0.0076 0.0079 0.0074
Cr,0,, % 0.0021 0.175 0.0199 Sb,0,, % 0.0010 0.0011 0.0010
MnO, % 0.105 0.129 0.148 TeO,, % 0.0039 0.0036 0.0034
Fe,0,, % 1.43 6.62 8.58 I, % - - -
Co,0,, % 0.0158 0.0294 0.0333 BaO, % - 0.0572 0.0311
NiO, % 0.0162 0.0112 0.0102 HfO,, % 0.0095 0.0111 0.0110
CuO, % 0.0040 0.0058 0.0056 Ta0,, % - - (0.0007)
Zn0, % 0.0021 0.0026 0.0028 WO,, % - 0.0020 -
PbO, % 0.0003 0.0025 0.0035 U0, % 0.0006 0.0008 0.0010
Ga,0,, % 0.0008 0.0038 0.0048 Ir,0,, % 0.0004 0.0007 -

3.4 Average particle size and zeta potencial

One of the important parameters that describe the
colloidal properties of bentonite is the average par-
ticle size and zeta potential. These parameters allow
for the evaluation of the stability of suspensions and
the degree of particle aggregation.

The charge of the bentonite samples studied (B,
B,, and B,) was found to be -13.6 mV, -16.6 mV,
and -16.2 mV, respectively (Table 3). These nega-

Table 3 — Average particle size and zeta potencial of bentonite clay.

tive values are due to uncompensated charges in the
crystal lattice resulting from isomorphic substitution,
where trivalent cations replace tetravalent silicon at-
oms in the tetrahedral structure and aluminum in the
octahedral sites, leading to a negative zeta potential
[33]. The negative zeta potential is significant for
drug delivery systems, as it facilitates the transport
of positively charged drug molecules, allowing for
controlled release and sustained dosing [34, 35].

Sample B, B, B,
Size. nm 1614+50 1534435 1409+15
Zeta potencial -13.6+1 -16.6+2 -16.2+2

The negative charge of bentonite clays signifi-
cantly expands their potential applications. The neg-
atively charged bentonite particles repel each other
due to electrostatic repulsion forces. This interaction
influences the stability of colloidal suspensions and
their rheological properties, preventing aggregation
and sedimentation [36].

This property is crucial in fields like drilling
fluid formulation, where viscosity control is essen-
tial for efficient oil well drilling and the prevention
of wellbore collapse [37]. Moreover, negatively
charged bentonite clays attract heavy metal ions
and organic pollutants to their surface, exhibiting
strong adsorptive properties. They can also inter-
act with polyelectrolytes, forming stable complexes
[38]. These interactions can enhance the mechanical
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properties and adhesion of composite materials used
in coatings.

Most importantly, the combination of nonionic or
negatively charged polymers with positively charged
pharmaceutical substances allows for the creation of
various composites for the production of extended-
release drug formulations [39].

3.5 FTIR analysis

The comparative FTIR spectra of the bentonite
samples used in the study are shown in Figure 2. The
analysis of these spectra reveals two key regions that
provide information about the chemical structure and
composition of the bentonite.

The analysis of the spectra demonstrates a clear
visual similarity between the samples. The first re-
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gion of the spectrum, in the range of 3700-3400
cm™!, is associated with the valence vibrations of
hydroxyl groups coordinated with cations in AI-OH
[40]. These hydroxyl groups play a critical role in the
interlayer interactions and determine properties of the
clay, such as swelling and adsorptive characteristics
[41]. In this region, all the samples exhibit a sharp
absorption band at 3620-3600 cm™ due to the pres-
ence of water molecules, which are associated with
the clay matrix through hydrogen bonds [42]. Water
absorbed in the crystalline lattice also contributes to
the hydration and swelling of the clay.

Additionally, all the samples show an absorption
band in the range of 1635-1615 cm™, which corre-
sponds to asymmetric OH-stretching of water and is
a structural element of the clay [43].

The second region of the spectrum, in the range
of 1150-500 cm™, contains information about the
silicate structure of the clays. In this region, absorp-
tion bands characteristic of the Si-O bond vibrations
in the tetrahedral layers of the clay are observed [44].

The presence of these bands confirms the presence
of silicate layers, which form the main structure of
the clays.

In the B, sample, peaks are present in the areas of
1028-1008 cm™, corresponding to stretching vibra-
tions and characteristic of layered silicate minerals.
These peaks are associated with the threefold degen-
erate Si-O stretching vibrations [45]. All the samples
exhibit a sharp peak in the region of 986-968 cm™,
corresponding to OH-deformation modes of Al-Al-
OH or Al-OH-Al [46]. A band observed in the B,
sample at 902-895 cm™ corresponds to the OH-
deformation mode of Al-Al-OH or Al-OH-AI [37].
Additionally, the absorption band at 797 cm™ in the
B, sample is characteristic of the symmetric valence
stretching vibrations of Si-O-Si in tetrahedral SiO4
units [47].

The XRF analysis results confirm that the main
composition of the bentonite clays consists of alumi-
nosilicates (Table 2). The FTIR analysis results align
with the XRF findings.
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Figure 2 — FTIR Spectra of bentonite samples.

3.6 X-ray diffraction analysis

The crystallinity of mineral clays and the form of
metal ions are very important indicators that deter-
mine their thermal and mechanical properties. Figure
3 shows the comparative X-ray diffractograms of the
samples under investigation.

The analysis of the X-ray diffraction patterns of
all the investigated samples revealed a significant
similarity in the nature of the diffraction peaks. The

main diffraction reflections, presented in Table 4, are
observed at 20 angles of 19.72° (003), 25.10° (020),
35.85°(200), and 61.91° (130).

The diffractogram of sample B, revealed phases
corresponding to the hexagonal lattice of silicon di-
oxide, the tetragonal modification of aluminum ox-
ide, the cubic lattice of magnesium oxide, and a com-
plex compound containing Al, Si, and Fe elements,
which corresponds to the findings of the IR spectros-
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copy. These characteristics indicate that the sample
belongs to the mineral phase of montmorillonite. In
the B, sample, peaks corresponding to montmorillon-
ite dominate, with characteristic 20 values at 19.72°
(003), 25.10° (020), 35.85° (200), and 61.91° (130).
Quartz peaks, including the main peak at 26.62°
(101), are weakly expressed.

In samples B, and B,, phases with a hexagonal
structure of silicon dioxide, an orthorhombic modi-
fication of aluminum oxide, a hexagonal lattice of
sodium oxide, and cubic-centered magnesium oxide
elements were identified. Signs of monoclinic modi-
fication of montmorillonite were also observed. The
intensity of the peak corresponding to quartz is more
pronounced at 20 26.62° (101), where the interplanar
distance is 3.35 A.

Montmorillonite demonstrates a broad, diffuse,
and asymmetric basal reflection, indicating high
dispersion and low crystallinity of this mineral. The
main minerals in the composition of bentonite are

ordered layered structure and confirm the presence of
crystalline montmorillonite in the samples. In partic-
ular, the (130) reflection at 2.50 A is often used as a
diagnostic feature of crystallinity and may reflect the
distribution of cations within the octahedral sheets.
The interlayer spaces oriented perpendicular to these
planes typically host exchangeable cations such as
Na' and Ca?", which are electrostatically bound and
contribute significantly to the clay’s sorptive and ion-
exchange properties. Additionally, diffraction peaks
atd =4.28 A and 3.35 A correspond to quartz, indi-
cating the presence of crystalline silica as an acces-
sory phase. The presence of quartz may reduce the
overall sorption capacity of the clay by diluting the
montmorillonite content and decreasing the specific
surface area available for adsorption.

Table 4 — Values of d-spacing, diffraction angles (20), and hkl.

montmorillonite (M) and quartz (Q). This corre- i . d-spacing
sponds to the findings that the main composition of Mineral 260) (&) hid
the bentonite samples, as shown in Table 1, consists 19.72 491 003
of montmorillonite. Montmorillonite 25.10 4.50 020
X-ray diffraction analysis of the bentonite clay 2? g? 32(5) %(3)8

samples revealed interplanar spacings characteristic ' '
of their mineralogical composition. Reflections ob- gg'gg g'gg }8(1)
served at d =4.91 A and d = 2.50 A correspond to Quartz 3939 229 102
the (003)/(020) and (130) planes of montmorillonite, 42.49 2.12 200
respectively. These peaks are indicative of a well- 50.14 1.82 112
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Figure 3 - B ; B,; B, XRD Spectra of bentonites.
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3.7 SEM analysis

The morphological characteristics of the benton-
ites studied are shown in Figure 4. The results indi-
cate that the shapes and sizes of the bentonite samples
vary. Bentonitic particles are found in thombohedral,
elliptical, and square shapes. The particle sizes range
from approximately 170 nm to 70 um.

Sample B, has a scaly structure with an irregular
shape. Additionally, the smaller particles have under-
gone agglomeration, and the size of the agglomerates
ranges from 11.53 pm to 34 um.

Sample B, consists of lamellar, plate-like, scaly
particles that have formed larger particles due to ag-
glomeration. Their sizes vary up to 203.2 nm. The B,

sample, compared to the others, shows a plate-like,
flaky, and porous structure. The flaky-porous struc-
ture is often typical for montmorillonite clays, as
identified in previous studies [47].

Sample B, consists of solid particles with a rough
surface, and their sizes range from 170.1 nm to 297.6
nm. This structure indicates a large surface area of
the material, which, in turn, contributes to the high
adsorption properties of the bentonites [12].

The high adsorption values of the bentonites for
methylene blue, as shown in Table 1, correspond to
their surface structure, as identified in the SEM anal-
ysis. This suggests that the bentonites studied have
high potential for use as adsorbents.

Figure 4 — The morphology of B, B, and B, bentonites.

3.8 BET analysis

The BET method was used to determine the spe-
cific surface area, average pore size, and volume of
the bentonite samples. The specific surface area deter-
mined by the BET method describes the adsorptive ca-
pacity of the samples. On the other hand, pore volume
and size reflect the diversity of their internal structure.
The nitrogen adsorption-desorption isotherms of all
the samples are shown in Figure 5 and Table 5.

The specific surface area and pore volume and
size of bentonites are among the most important pa-
rameters that characterize their adsorptive properties.
Based on the research results, it was observed that
the isotherms of all the samples correspond to type 4
in the Brunauer classification and exhibit hysteresis
loops typical of type 2. This indicates that the sorp-
tion process starts in mesopores and ends in micro-
pores [43].

According to the obtained results, the specific
surface area of the bentonite clays, depending on

their adsorptive properties, was as follows: for
sample B, 104.39 m?/g; for B,, 96.55 m*/g; and
for B3, 102.87 m*/g. For B, the pore volume and
size were 0.05 cm?®/g and 0.65 nm, indicating that it
is microporous. This also correlates with the high-
est adsorption capacity for methylene blue, which
was found to be 204.4 mg/g for B, bentonite (Table
1) [48]. The pore volume of sample B, was 0.03
cm?/g with an average pore size of 0.83 nm, while
for B,, these values were 0.04 cm*/g and 1.04 nm,
respectively, indicating a higher proportion of
mesopores. Based on the specific surface area and
pore volume, the optimal parameters were found
to belong to sample B,. According to a study [49],
the surface area of the bentonites analyzed ranged
from 103 to 130 m?/g, making them highly suitable
for use as adsorbents. Consequently, it can be seen
that the B , B,, and B, samples from this study also
have great potential for use in the preparation of
biomedical products.
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Table 5 — BET Analysis of bentonites.

B, B, B,
S (mL/g) 104.39+5 96.55+3 102.87+5
Pore volume (cm?/g) 0.05+5 0.03+4 0.04+3
Pore size (nm) 0.83+6 0.83+4 1.0443
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Figure 5 — Adsorption-desorption isotherms of bentonites.

3.9 Thermogravimetric analysis

The relative TGA (Thermogravimetric Analysis)
and DTA (Differential Thermal Analysis) thermo-
grams of the bentonites are shown in Figure 6. The
thermodegradation of all samples can be divided into
three stages. The B, sample differs from the other
samples in that it loses 3% of its mass at 360°C,
which confirms the higher moisture content of the B,
bentonite, as indicated in Table 1. Additionally, com-
pared to the other two samples, B, loses more mass in
each stage. When the temperature rises to 240°C, the
weight of B, and B, samples decreases by 11%, while
the B, sample decreases by 10%. This change cor-

80 - T T T T T T T T
0 100 200 300 400 500 600 700 80!
Temp/C

responds to the amount of absorbed moisture on the
bentonite surface and in the interlayer spaces [50].

The second change occurs in the temperature
range of 250°C-500°C, where the mass of all sam-
ples decreases by approximately 2.5%. This may be
related to the dehydration of crystallized water that is
tightly bound to the montmorillonite mineral in the
bentonite [51].

The third change occurs in the temperature range
of 500°C-700°C, when the crystalline structure of the
mineral in the bentonite begins to undergo destruc-
tion. This is accompanied by structural changes and
the loss of the original mineralogical structure.

Volt/mW

150

200 400

Temp/C

600

Figure 6 — The TGA-DTA graphs of bentonites.
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The analysis of the DTA curves for all three sam-
ples (B, B,, B,) revealed two distinct endothermic ef-
fects. The first, intense endothermic peak is observed
around 150°C, and is likely associated with the re-
moval of physically adsorbed and interlayer water.
This thermal effect is recorded in all samples with
slight variations in intensity. The most pronounced
effect is observed in the B, sample, which may indi-
cate an increased moisture content in the structure of
this sample.

The second endothermic peak is recorded around
541°C and is interpreted as the result of dehydra-
tion, accompanied by the destruction of the crystal-
line structure of montmorillonite and the removal of
structurally bound hydroxyl groups.

4 Conclusion

The results of the conducted research showed that
the physicochemical properties of the obtained ben-
tonite samples were thoroughly studied. The miner-
alogical composition, determined using X-ray phase
analysis and IR spectroscopy methods, revealed that
the main mineral component of all samples is alu-
minosilicates. Additionally, it was shown that the
primary mineral constituting bentonite corresponds
to montmorillonite. The elemental composition, an-
alyzed using the XRF method, confirmed the pres-
ence of elements characteristic of the montmorillon-

ite mineral in the bentonite, including SiO,, A1203,
Fe,O,, MgO, and CaO. According to the obtained
results, the montmorillonite content was 88% in the
B, sample, 75.5% in the B, sample, and 83% in the
B, sample. The methylene blue adsorption capaci-
ties were 204.4 mg/g for B, 119.88 mg/g for B,, and
182.02 mg/g for B,. The pH values of the medium
were 8.9 for B, 8.1 for B,, and 7.1 for B,

In terms of texture parameters, the specific sur-
face area for the B, sample was 104.39 m?/g, the
pore volume and size were 0.05 cm?*/g and 0.83
nm, respectively, and the zeta potential was -13.6.
For the B, sample, the surface area was 96.55 m*/g,
the pore volume and size were 0.03 cm?/g and 0.83
nm, respectively, and the zeta potential was -16.6.
For the B, sample, the surface area was 102.87
m?/g, the pore volume and size were 0.04 cm’/g
and 1.04 nm, respectively, and the zeta potential
was -16.2.

The results demonstrate that bentonite clays pos-
sess strong potential for use as adsorbents and as drug
carriers in biomedical applications. Additionally, fur-
ther research is needed to explore their application as
a main component in composite materials.
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