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Synthesis of a montmorillonite-based nanocomposite
with antibacterial properties
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This study investigates the intercalation of montmorillonite clays from the Tagan deposit with silver
nanoparticles and evaluates their potential for biomedical applications. Purification of the raw material
using the Salo method ensured the removal of coarse mineral impurities and enrichment of the
montmorillonite fraction. The analyses revealed the predominance of montmorillonite and kaolinite in
the purified samples, while SEM data confirmed increased porosity and effective distribution of silver
nanoparticles within the interlayer space. Modification resulted in the formation of a hybrid structure with
high surface reactivity, allowing the material to be considered a promising carrier for the immobilization
and controlled release of pharmaceutical substances. In addition, the modified bentonite may be used in
antimicrobial coatings, wound-healing materials, drug delivery systems, medicinal ointments, as well
as in sorption and environmental protection technologies. The incorporation of silver nanoparticles also
enhanced the antibacterial potential of the clay matrix, which is particularly important for the development
of advanced biomedical and healthcare-related materials. Furthermore, the combination of natural clay
minerals with nanoscale silver provides a cost-effective and environmentally friendly platform for creating
multifunctional composites with improved physicochemical and biological properties. The results confirm
that purification and functionalization with silver nanoparticles significantly improve the properties of these
clays and expand their potential practical applications.
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1. Introduction

The widespread application of montmorillonite
clays is determined by their distinctive physicoche-
mical properties, natural abundance, and environ-
mental safety [1]. In recent years, the growing interest
in the use of polymer—clay nanocomposites in drug
delivery systems has made montmorillonite-based
materials a relevant subject of biomedical research
[2]. Montmorillonite is the principal mineralogical
component of bentonite and, as a layered aluminosili-
cate belonging to the smectite group, is distinguished
by its high sorption capacity, pronounced adsorption
activity, and considerable swelling ability [3]. How-
ever, the presence of kaolinite, quartz, mica, calcite,
and other mineral impurities in natural bentonites
may reduce their degree of purity and functional per-
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formance. In addition, coarse dispersed impurities
such as sand and stone disrupt the structural homo-
geneity of the clay matrix, thereby limiting the ma-
terial’s biomedical applicability[4]. Therefore, their
preliminary removal is of critical importance [4]. For
this reason, thorough purification and targeted pre-
treatment of the raw material play a decisive role in
the production of bentonite-based materials intended
for medical applications [5-6]. Purified bentonite
exhibits high adsorption capacity, biocompatibility,
and the ability to control the release of immobilized
active components [7]. In this regard, it is regarded
as an effective carrier material for the development
of solid dosage forms, including tablets and capsules
[8]. Studies [9-10] have reported that montmoril-
lonites have increasingly been used as potential raw
materials for the formulation of deep-cleansing facial
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masks and skincare creams due to their safety, bioin-
ertness, and environmental friendliness.

Recent studies have demonstrated that the ef-
fective functionalization of the interlayer space of
bentonite with nanoparticles enables the targeted
modification of its properties and the expansion of
its application potential [11]. Although purified ben-
tonite possesses a large specific surface area, high
cation-exchange capacity, and good biocompatibil-
ity, its antibacterial activity remains limited. Stud-
ies [12—13] have shown that modification with silver
and copper nanoparticles significantly enhances the
functional characteristics of bentonite, including its
antimicrobial activity. In this context, the interlayer
space of bentonite serves as a favorable structural en-
vironment for the incorporation of metal nanoparti-
cles. The incorporated metal atoms combine to form
nanoparticles and establish stable interactions with
the layers of the clay mineral. As a result of such in-
teractions, silver nanoparticles become immobilized
within the interlayer region, thereby preventing the
formation of low-activity aggregates and conglomer-
ates. This process is accomplished through a sponta-
neous cation-exchange mechanism. It has been con-
cluded that this contributes to enhancing the stability
and biological activity of nanocomposites based on
modified bentonite.

In recent years, montmorillonite clay has been
considered a promising inorganic matrix for the devel-
opment of antibacterial nanocomposites due to its lay-
ered structure, high cation-exchange capacity, avail-
ability, and ability to stabilize metallic nanoparticles.
Of particular interest are AgNP-MMT systems, in
which silver nanoparticles can be intercalated into the
interlayer space of montmorillonite. This may reduce
AgNP aggregation, improve their dispersion, and con-
tribute to prolonged antibacterial activity. According to
recent literature data, silver-containing montmorillon-
ite materials exhibit antibacterial activity against both
Gram-positive and Gram-negative microorganisms,
making them promising for biomedical, packaging,
and environmental applications. In addition, the use of
“green” synthesis methods involving plant extracts or
mild reducing approaches can reduce the use of tox-
ic reagents and improve the environmental safety of
AgNP-MMT nanocomposite preparation. Recently,
in accordance with the principles of green chemistry,
priority has been given to the green synthesis of metal
nanoparticles incorporated into antibacterial compos-
ites intended for biomedical applications [14]. Recent
studies have demonstrated that nanostructured materi-
als prepared by environmentally friendly approaches
can exhibit promising properties for biomedical and
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bioimaging applications, highlighting the importance
of particle size, surface chemistry, and biocompat-
ibility for their practical use [15-17].This, in turn, has
been found to ensure the environmentally safe use of
synthesized metal nanoparticles and to maximize the
safety of their application. The novelty of this study
lies in the use of local bentonite clay from the Tagan
deposit, with montmorillonite as the main mineral
component, as a carrier matrix for silver nanoparticles.
Unlike previously reported AgNP—montmorillonite
systems, the present work focuses on the intercalation
of green-synthesized silver nanoparticles into a local
natural bentonite clay and the evaluation of the anti-
bacterial properties of the obtained material. Thus, the
study combines the use of regional mineral raw mate-
rial, an environmentally friendly synthesis approach,
and the development of a silver-containing bentonite
material with potential antibacterial activity.
Accordingly, the present study aimed to inves-
tigate the possibility of obtaining an antibacterial
nanocomposite by preliminary water activation of
natural bentonite samples from the Tagan deposit and
subsequent intercalation of green-synthesized silver
nanoparticles into the bentonite matrix.

2. Experimental section

2.1 Pretreatment of bentonite clay

Bentonite samples obtained from the Tagan de-
posit were selected as the study material and pre-
pared as a suspension in deionized water at a ratio of
1:20 g/mL, following the procedure reported in our
previous study [4]. The obtained suspension was
magnetically stirred at room temperature at 1000
rpm for 8 h, followed by treatment at 90 °C for 2
h. The resulting suspension was then lyophilized at
=60 °C for 5 h.

2.2 Intercalation of silver nanoparticles synthe-
sized via a green method into the montmorillonite
matrix

Silver nanoparticles synthesized via the green
method reported in study [18] were intercalated into
the montmorillonite matrix. The required concentra-
tion was prepared using two different approaches. In
the first method, 5 g of water-modified bentonite clay
was added to silver nanoparticle suspensions with
volumes of 25, 50, and 75 mL (samples 1-6), fol-
lowed by continuous stirring on a magnetic stirrer. In
the second method, silver nanoparticles were added
to the aqueous swollen clay suspension at volume
ratios of 1:3, 1:1, and 3:1 (mL/mL) and intercalated
under continuous stirring (samples 7-12).
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The bentonite samples investigated in this work
were conventionally labeled as Mt and Mt,, while
the nanocomposite clay samples intercalated with sil-
ver nanoparticles were designated as Mt -AgNPs and
Mt -AgNPs. Depending on the nature of the analysis,
either the suspension of modified montmorillonite
clay or its lyophilized dry form was employed.

2.3 Determination of the microbiological purity
of montmorillonite clay and the antibacterial proper-
ties of the obtained nanocomposite clay

The antibacterial properties and microbiological
purity were determined by the inoculation method in
accordance with the requirements of the State Phar-
macopoeia of the Republic of Kazakhstan (pp. 176—
180, Section 2.6.12). A suspension was prepared by
adding 1 g of the nanocomposite to 9 mL of 0.9%
sodium chloride solution containing peptone at pH 7,
followed by intensive mixing. During the study, the
suspension was subjected to a tenfold dilution.

A 1 mL aliquot of the tenfold diluted suspension
was transferred into 90 mm Petri dishes, after which
15-20 mL of molten culture medium at a temperature
not exceeding 45 °C was poured onto the sample.
Meat-peptone agar was used for bacterial cultivation,
whereas Sabouraud medium was employed for the
cultivation of molds and yeasts. The bacterial strains
were incubated at 30-35 °C for 48 h, while the molds
were incubated at 20-25 °C for 5 days.

Colony counting was performed on plates con-
taining 30-300 colonies for bacteria and 10—100 col-
onies for fungi. The number of viable microorgan-
isms (CFU/mL) was calculated taking into account
the dilution factor and the volume of the inoculated
sample. The average value of two parallel analyses
was used for the calculations.

The concentration of viable microorganisms was
calculated using the following formula:

N =—x— 1

75 &)
where N is the concentration of microorganisms in
the initial sample (CFU/mL), C is the number of col-
onies on the plate, V is the volume of the inoculated
sample (mL), and d is the dilution factor.

2.4 FTIR spectroscopy

The chemical structure of the samples was inves-
tigated using an FTIR FT-801 infrared spectrometer
(Simex, Russia) in the 5004000 cm™ wavenumber
range, with a resolution of 1 cm™, at 25 + 2 °C, us-
ing 100 scans. During the analysis, the clay powders
were mixed with potassium bromide at a 1:9 ratio and

ground in an agate mortar until a completely homo-
geneous mixture was obtained. The resulting mixture
was then placed in a pellet-forming ring and com-
pressed using a press at 200 MPa for 5 min, while
water vapor was removed by a vacuum pump, to ob-
tain a pellet.

2.5 X-ray fluorescence analysis

The major elemental composition of bentonite
clay was determined by energy-dispersive X-ray flu-
orescence (EDXRF) using an Epsilon 4 X-ray fluo-
rescence spectrometer (Malvern Panalytical B.V.,
Almelo, The Netherlands). Measurements were car-
ried out using an Ag-anode X-ray tube and an SDD
detector, at an accelerating voltage range of 4.0-50
kV and a current of up to 3.0 mA. The samples were
analyzed in powdered form as pressed pellets. The
results were presented as elemental concentrations.

2.6 X-ray diffraction analysis

The structural and phase characteristics of the
samples were investigated by X-ray diffraction using
an X’PertPRO diffractometer (Malvern Panalytical
Empyrean, The Netherlands) with monochromatized
CuKa radiation (K-Alphal [A] = 0.1542) at a scan-
ning step size of 0.02°. During the analysis, the mea-
surements were carried out over an angular range of
10-80°, with an X-ray tube voltage of 45 kV, a cur-
rent of 30 mA, and a counting time of 0.5 s per step; a
universal aluminum sample holder (PW1172/01) was
used.

2.7 SEM analysis

The surface morphology of the samples was ex-
amined using a Quanta 200 3D scanning electron mi-
croscope (FEI™, Netherlands). The measurements
were performed in high-vacuum mode at an acceler-
ating voltage of 5 kV, using a secondary electron de-
tector. To improve electron conductivity, the surface
of the mineral clays was coated with gold nanopar-
ticles.

2.8 Viscosity of the nanocomposite

The dynamic viscosity of the samples was deter-
mined using a rotational viscometer (BOYN, Hang-
zhou Boyn Instrument Co., Ltd., China). The analy-
sis was performed at a temperature of 25+2 °C and a
relative humidity of 50 = 5%. The sample was placed
in the measuring vessel, and care was taken to pre-
vent the formation of air bubbles. The spindle was
immersed into the sample up to the working level,
and the measurement was carried out at a rotational
speed selected in accordance with the technical oper-
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ating mode of the instrument. After the readings had
stabilized, the viscosity value was recorded in mPa-s.
To ensure measurement repeatability and compara-
bility of the results, all analyses were performed un-
der identical experimental conditions. Each sample
was measured at least three times, and the results
were processed as the mean + standard deviation.

3. Results and discussion

3.1 Assessment of the microbiological purity of
montmorillonite clay and the antibacterial activity of
the obtained nanocomposite clay

According to the requirements of the State Phar-
macopoeia of the Republic of Kazakhstan, the analy-
sis of the microbiological purity of the purified clay
samples Mt, and Mt, revealed a total aerobic micro-
bial count of 0.92 x 10* CFU/g. This value did not
exceed the permissible limit (< 1 x 10* CFU/g). The
yeast and mold count was 0.95 x 10> CFU/g, which
also remained within the acceptable range (< 1 x 10?
CFU/g).

For the Mt, clay sample, the total acrobic micro-
bial count was 0.89 x 10* CFU/g, while the yeast and
mold count was 0.8 x 10> CFU/g. These values fully
complied with the pharmacopoeial requirements.
The obtained results demonstrated that the studied
samples complied with the requirements of the State
Pharmacopoeia of the Republic of Kazakhstan for
non-sterile medicinal products of natural origin. In
addition, these results were consistent with the data
reported in study [4] regarding the microbiological
purity of montmorillonite clay. Thus, it was con-
firmed that the samples used in the present study pos-
sessed the microbiological purity characteristic of
montmorillonite clays.

Figure 1 presents the antibacterial properties of
the initial montmorillonite clay samples, Mt, and
Mt,, as well as those of the nanocomposite samples
obtained after intercalation. No inhibition zones were

Table 1. Antibacterial activity of the nanocomposite clay.

observed for either Mt, or Mt, clay against the tested
microorganisms. For series 1-3 and 46 of the nano-
composite clay samples, a clear trend was observed
toward an increase in the microbial growth inhibi-
tion zone with increasing volume of AgNPs in the
solution. In sample No. 3 (Mtl + 75 mL AgNPs), the
inhibition zone reached 11 mm, whereas in sample
No. 6 (Mt2 + 75 mL AgNPs), it was 11.2 mm. A
similar relationship was also observed for the mixed
compositions of samples 7-9 and 10-12. This indi-
cates the dose-dependent nature of the antibacterial
effect of AgNPs. Comparative analysis showed that
the antibacterial activity of the studied compositions
against Escherichia coli and Staphylococcus sapro-
phyticus was generally comparable.

Figure 1. Results of the antibacterial activity assay. Inhibition
zones against E. coli: (a) samples 1-6 and (b) samples 7-12;
inhibition zones against S. saprophyticus: (c) samples 1-6 and
(d) samples 7-12.

Sample numbers Sample designation

Average + SEM (mm)

Escherichia coli Staphylococcus saprophyticus

5 g of dry, purified montmorillonite clay and various concentrations of AgNPs

1 Mt, +25 ml AgNPs
2 Mt + 50 ml AgNPs
3 Mt, + 75 ml AgNPs
4 Mt, +25 ml AgNPs
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10.00 + 0.06° 10.00 £0.07°
10.40 £0.07° 10.50 = 0.06°
11.00 £ 0.08* 10.70 £ 0.07%°
10.00 £ 0.06° 10.30 = 0.08°
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Continuation of the table

Sample numbers Sample designation

Average + SEM (mm)

Escherichia coli Staphylococcus saprophyticus

5 Mt, + 50 ml AgNPs 10.30 £0.07° 10.20 £ 0.06°
6 Mt, + 75 ml AgNPs 11.20 +0.092 11.40 £0.08°
Addition of AgNPs to the bentonite clay suspension in different volumes

7 30 ml Mt, + 70 ml AgNPs 11.00 +0.072 10.50 + 0.06°
8 50 ml Mt, + 50 ml AgNPs 10.00 + 0.06° 10.00 =0.07°
9 70 ml Mt, + 30 ml AgNPs 10.00 £ 0.07° 9.50 +0.08¢

10 30 ml Mt, + 70 ml AgNPs 11.00 £ 0.08° 11.00 £0.07°
11 50 ml Mt, + 50 ml AgNPs 10.00 + 0.06° 10.70 £ 0.08%°
12 70 ml Mt, + 30 ml AgNPs 9.70 £ 0.07¢ 10.50 + 0.06°

The control samples consisting of the pristine
clay did not exhibit any inhibitory activity. In con-
trast, the nanocomposite material intercalated with
silver nanoparticles demonstrated pronounced anti-
bacterial activity. These results indicate that silver
nanoparticles play a decisive role in the develop-
ment of antibacterial activity [18]. The results of
the study revealed that the sample containing 5 g of
montmorillonite clay intercalated with 75 mL of sil-
ver nanoparticles exhibited the highest antimicrobial
activity. In addition, considering that the Mt, and Mt,
samples met the requirements for microbiological
purity, these two montmorillonite clay samples and
this specific ratio with silver nanoparticles were se-
lected as the basis for the subsequent synthesis of the
nanocomposite material.

A clay—water system was used as a negative con-
trol to confirm that the pristine clay matrix itself did
not exhibit antibacterial activity. No inhibition zone
was observed for this control sample, indicating
that the unmodified clay did not significantly sup-
press microbial growth. Erythromycin was used as a
positive control to confirm the viability of the tested
microorganisms and the correctness of the agar dif-
fusion method. The inhibition zone of erythromycin
was 22.1 mm, while the Mt,-AgNPs sample obtained
using 75 mL of AgNPs solution showed an inhibition
zone of 11.2 mm.

For a more quantitative comparison, the relative
antibacterial activity of Mt -AgNPs was calculated as
follows:

Relative antibacterial activity =
=11.2/22.1 x 100 = 50.7%

Thus, under the experimental conditions used
in this study, the antibacterial activity of the Mt,-
AgNPs sample was approximately 50.7% of that of
erythromycin. It should be noted that erythromycin
was used not as a direct functional analogue of the
studied material, but as a standard positive control to
validate the test system.

In addition, our result is comparable with lit-
erature data [19] reported an inhibition zone of
10.74 mm for an AgNPs—MMT system, which is
close to the value obtained in our study (11.2 mm).
The difference is 0.46 mm, or approximately 4.3%,
indicating that the antibacterial activity of our mate-
rial is consistent with previously reported silver-con-
taining montmorillonite systems.

3.2 FTIR analysis

Figure 2 shows the comparative FTIR spectra
of the pristine Mt; and Mt, samples and the AgNP-
modified samples, Mt;-AgNPs and Mt,-AgNPs.
For all samples, the intense absorption band in the
1000-1002 cm™ region is attributed to Si-O stretch-
ing vibrations characteristic of smectites, particularly
montmorillonite. The peak near 920 cm™ corre-
sponds to the deformation vibrations of AI-Al-OH/
Al-OH groups in the octahedral layer. The peaks in
the region of 517 cm™ are attributed to the lattice vi-
brations of Si—-O-Al and Al-O-Si bonds. The peak
at 1445 cm™ is attributed to the presence of carbon-
ate salts in the mineral clay composition. The band
at 1632 cm™ is associated with the H-O—H bending
vibrations of adsorbed or interlayer water, while the
broad absorption region at 3463-3632 cm™ is ex-
plained by the O—H stretching vibrations of structural
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hydroxyl groups and physically bound water. Such a
set of peaks confirms the aluminosilicate nature of
bentonite, more specifically its layered structure rich
in montmorillonite, and this interpretation is consis-
tent with studies in which clay minerals were inves-
tigated by FTIR spectroscopy [20]. The preservation
of the main characteristic peaks after the incorpora-
tion of silver nanoparticles indicates that the silicate
framework of bentonite remained intact. These results
suggest that silver-containing species may interact
with the montmorillonite structure, possibly through
partial intercalation without causing destruction of
the basic aluminosilicate framework [21]. Studies
by Praus, P. and Turicova, M. have shown that the
intercalation of AgNPs into the clay matrix occurs
while preserving the structural framework [22]. From
a biomedical perspective, such structural preserva-
tion and surface functionalization are of great impor-
tance, since silver-modified montmorillonite systems

of this kind are considered promising components for
antimicrobial materials, drug delivery platforms, and
composite materials for external wound applications
[23]. The preservation of the main Si—O, AI-OH, and
O-H vibration bands after the incorporation of silver
nanoparticles indicates that the basic layered alumi-
nosilicate framework of bentonite remained intact.
At the same time, slight changes in the intensityrelat-
ed to O-H stretching and H-O—-H bending vibrations
may reflect changes in the hydration state of the clay
and possible interactions between silver-containing
species, surface hydroxyl groups, and interlayer wa-
ter molecules [24-25]. Therefore, the FTIR results
suggest that AgNP incorporation is accompanied by
interaction with active sites of the montmorillonite
structure. These interactions may contribute to the
stabilization and dispersion of silver nanoparticles in
the clay matrix, which is important for maintaining
antibacterial functionality [26-27].
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Figure 2. Comparative FTIR spectra of the initial Mt, and Mt, samples
and the AgNP-modified samples, Mt -AgNPs and Mt,-AgNPs.

3.3 XRF analysis

The comparative elemental composition of the
pristine Mt, and Mt, samples, as well as the silver
nanoparticle-modified Mt -AgNPs and Mt -AgNPs
samples, is presented in the table. The obtained re-
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sults indicate that the composition of the investigated
samples is mainly represented by elements charac-
teristic of aluminosilicate minerals. Si and Al were
dominant in all samples, indicating that these ele-
ments constitute the main framework-forming com-
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ponents. In particular, the pristine Mt, sample con-
tained 25.021% Si, 8.315% Al 2.119% Ca, 1.567%
Fe, and 1.424% Mg, while the Mt, sample contained
26.989% Si, 9.017% Al, 4.991% Ca, 2.858% Fe, and
1.095% Mg. These values reflect the aluminosilicate
nature of the studied samples and their elemental
composition characteristic of clay minerals, includ-
ing montmorillonitic materials. In addition, the pres-
ence of cation-exchangeable elements such as Ca,
Mg, Fe, and K may positively contribute to the high
sorption and ion-exchange properties of these materi-
als [28].

After modification with silver nanoparticles, a
slight decrease in the content of the major elements
was observed in the Mt-AgNPs and Mt -AgNPs
samples. For example, in the Mt -AgNPs sample, the
Mg content decreased from 1.424% to 1.371%, Ca
from 2.119% to 2.005%, Fe from 1.567% to 1.314%,
and P from 0.444% to 0.412%. Similarly, in the

Mt -AgNPs sample, the contents of Al, Si, Ca, and
Fe were found to decrease from 9.017% to 8.099%,
from 26.989% to 26.122%, from 4.991% to 4.361%,
and from 2.858% to 2.658%, respectively. These
changes can be explained by the partial substitution
of weakly bound ions on the sample surface and in
the interlayer space during the incorporation of silver
nanoparticles, as well as by the restructuring of the
surface layer [24].

In addition, the Ag content increased markedly
after modification. Specifically, while the Ag content
in the initial Mt, sample was only 0.003%, it increased
to 0.312% in the Mt -AgNPs sample. A similar pat-
tern was also observed in the Mt, system: the Ag con-
tent was 0.001% in the initial sample and increased to
0.297% in the Mt,-AgNPs sample. These values con-
firm the successful immobilization of silver nanopar-
ticles on the clay matrix surface and demonstrate the
effectiveness of the modification process.

Table 2. Main elemental composition of the initial Mt, and Mt, samples and the AgNP-modified Mt -AgNPs and Mt -AgNPs samples.

Elements Mt, % Mt - AgNPs,% Mt, % Mt,- AgNPs, %

Mg 1.424 1.371 1.095 1.071
Al 8.315 8.305 9.017 8.099
Si 25.021 25.001 26.989 26.122

P 0.444 0.412 0.412 0.365

0.078 0.052 0.132 0.06

Ca 2.119 2.005 4.991 4.361
Mn 0.119 0.105 0.157 0.147
Fe 1.567 1.314 2.858 2.658
Ag 0.003 0.312 0.001 0.297

3.4 X-ray diffraction analysis

Figure 3 shows the X-ray diffractograms of the
initial Mt, and Mt, samples and the AgNP-modified
samples, Mt -AgNPs and Mt -AgNPs. For the initial
Mt and Mt, samples, the intense reflection in the 20
=26.5° (101) region is assigned to the quartz phase,
while the peaks located at approximately 19.8° (110),
35.4° (200), and 62.3° (101) are characteristic of
montmorillonite [20]. In the AgNP-modified Mt -
AgNPs and Mt -AgNPs samples, the preservation of
the main peaks of the aluminosilicate matrix indicates
that the layered structure of bentonite remained intact
during the modification process. Furthermore, the
emergence of an additional peak in the 20 = 64-65°
region is assigned to the (220) plane of the face-cen-

tered cubic (fce) lattice of metallic silver. According
to the studies of Shameli K. et al., in Ag/MMT-type
systems the silver phase is typically characterized by
peaks near 38.3° (111), 44.4° (200), 64.4° (220), and
77.7° (311) [24]; therefore, the observation of signals
in these regions confirms the effective intercalation
of AgNPs into the montmorillonite matrix.

The XRD results showed a shift of the basal re-
flection of montmorillonite toward lower 20 values,
accompanied by a slight increase in the interlayer
distance d00O1 by approximately 0.0003—0.0006 nm.
This change may indicate a partial expansion of the
interlayer space and can be associated with the pos-
sible penetration of silver ions into the montmoril-
lonite interlayer galleries.
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Table 3. Changes in the interplane distance of the main peaks.

Ne 20 d-spacing (A) 26 d-spacing (A) A d-spacing
Main peaks of raw Mt , Main peaks of AgNP-Mt, ,
1 19.81 44715 19.79 4.48258 0.0110
2 35.03 2.55951 34.95 2.56519 0.0056
3 62.21 1.49107 62.05 1.49453 0.0034
Mt,-AgNPs
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Figure 3. Comparative X-ray diffraction patterns of the initial Mt, a
nd Mt, samples and the AgNP-modified Mt -AgNPs and Mt,-AgNPs samples.

3.5 SEM images analysis

Figure 4 presents the SEM surface morphology of
the initial Mt, and Mt, samples and the AgNP-modified
Mt -AgNPs and Mt -AgNPs samples. The pristine Mt,
and Mt, samples exhibited a morphology composed of
agglomerated plate-like layers with a relatively irregu-
lar shape and a porous surface. In the present study,
the particle size of the Mt, sample ranged from 805.4
nm to 1.540 pm, with an average of 1.22 pm, while
that of the Mt, sample varied from 536.8 nm to 2.559
um, with a mean value of 1.57 um. These findings are
in agreement with the submicron- and micron-sized
ranges reported for montmorillonite particles in earlier
studies [6,13,23], indicating that secondary agglomer-
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ation occurs in the pristine samples. After modification
with silver nanoparticles, the overall layered morphol-
ogy of the samples was preserved; however, the sur-
face became denser, more compact, and more homo-
geneous. In particular, in the Mt -AgNPs sample, the
shift in particle size to the range of 1.025-2.410 pm
and the increase in the average value to 1.79 pm indi-
cate that particle re-agglomeration and structural den-
sification occurred after the introduction of AgNPs.
Similar changes were also observed in the Mt,-AgNPs
sample, particularly surface smoothing and a closer
packing of the layers. Such morphological transforma-
tions have likewise been reported for silver—-montmo-
rillonite composite systems [25].
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Figure 4. SEM images of the samples: (a) Mt , (b) Mt,-AgNPs, (c) Mt,, and (d) Mt -AgNPs.

3.6 Viscosity of the nanocomposite

The viscosity of the pristine Mt, and Mt, samples,
as well as that of the AgNP-intercalated Mt -AgNPs
and Mt,-AgNPs samples, determined at room temper-
ature, was 41.816, 39.994, 39.794, and 39.210 mPas,
respectively. Following the incorporation of AgNPs,
the viscosity decreased slightly, by 4.4% for Mt, and
1.5% for Mt,. These findings suggest that the investi-
gated systems retain a flowable dispersed state, which
is favorable for facile application and uniform spread-
ing on external wounds. For topical semisolid dosage
forms, the rheological properties substantially affect
the spreadability of the formulation, ease of applica-

Table 4. Viscosity of the nanocomposite.

tion, release of the active component, and its penetra-
tion through the skin or wound surface. In this regard,
the relatively low viscosity observed in the composi-
tions studied in [28] may be regarded not as a draw-
back, but rather as a positive factor that contributes to
improved spreadability of the composition, more ef-
fective contact of silver nanoparticles with the wound
surface, and increased availability of the active phase.
Therefore, montmorillonite material intercalated with
silver nanoparticles may be regarded not as a classical
high-viscosity ointment base, but rather as a promising
matrix-forming agent for soft ointment or gel-ointment
systems intended for external wound applications [29].

Ne Mt, Mt,-AgNPs Mt, Mt,-AgNPs
1 42.266 mPa-s 40.111 mPa-s 40.361 mPa's 39.671 mPa's
2 41.177 mPa-s 39.861 mPa-s 39.912 mPa-s 38.719 mPa-s
3 42.007 mPa-s 40.011 mPa-s 39.111 mPa-s 39.241 mPa's
Average 41.816 mPa-s 39.994 mPa-s 39.794 mPa-s 39.210 mPa-s
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Similar approaches to the evaluation of rheologi-
cal properties of bentonite and clay-based systems
have been reported in previous studies [30,31], where
such materials were considered for topical drug de-
livery and semi-solid medical compositions.

Therefore, the viscosity analysis is relevant to
the proposed application of the developed composite
material.

4. Conclusion

The conducted studies made it possible to com-
prehensively evaluate the structural, morphological,
and antibacterial properties of the Mt and Mt, ben-
tonite clays, as well as those of the silver nanopar-
ticle-intercalated Mt -AgNPs and Mt -AgNPs sam-
ples. The FTIR, XRD, and SEM results showed
that the main layered aluminosilicate framework of
bentonite was preserved after modification, while the
silver nanoparticles were distributed over the sample
surface and within the interlayer space. According to
the XRD data, the shift of the montmorillonite basal
reflection and the slight increase in the interlayer dis-
tance may indicate the possible penetration of silver
ions and/or silver-containing nanostructures into the
interlayer space. The Mt,-AgNPs sample obtained
using 75 mL of AgNPs solution showed the high-
est antibacterial activity, with an inhibition zone of
approximately 11-11.2 mm, under the experimental
conditions used in this study, the antibacterial ac-
tivity of the Mt,-AgNPs sample was approximately
50.7% of that of erythromycin.This indicates its pro-
nounced antibacterial effect. In addition, the micro-
biological purity of the investigated clay samples was
found to comply with the requirements of the State
Pharmacopoeia of the Republic of Kazakhstan. The

viscosity of the modified samples, which remained
within the range of 39-40 mPa-s, demonstrated their
strong potential for rheological application as matrix
materials in the development of soft dosage forms,
including ointment compositions. The intercalation
of silver nanoparticles promoted densification of the
surface structure, morphological reorganization, and
an increase in the functional activity of the samples.
In general, the obtained findings suggest that silver
nanoparticle-modified bentonite clays may be con-
sidered promising matrix materials for drug delivery
systems, antimicrobial coatings, materials for exter-
nal wound treatment, and the development of medici-
nal ointments.
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