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Abstract

The advent of multidrug-resistant microorganisms and associated outbreaks are major threats facing humanity. Therefore,
additional approaches are being explored, so as to create new antimicrobial agents that can be utilized over multiple cycles.
To this end, functionalized clay with metal nanoparticles for antimicrobial applications has been formulated. Natural Kalzhat
clay from the Almaty region of Kazakhstan was functionalized with silver and copper nanoparticles, following their in-situ
synthesis. The unprocessed Kalzhat clay was characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FT-IR), and elemental analysis (EDX). The clay was treated with sodium carbonate
before functionalization. The EDX, FT-IR and XRD analysis of the clay confirmed the presence of bentonites. The synthesized
nanoparticles of silver and copper were also characterized using transmission electron microscopy (TEM), FT-IR, and EDX
analysis. TEM images of the nanoparticles confirmed a spherical morphology in the nano size range, with an average diameter
of 29.85+14.34nm for AgNPs and of 75.37+28.24 nm for CuNPs. The clay impregnated with Ag and Cu nanostructures showed
excellent antimicrobial activity against pathogenic gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli)
bacteria, with inhibition zones of 10.5mm (AgNP) and 25mm (CuNP), and of 8.5mm (AgNP) and 13.5mm (CuNP), respectively.
Hence, such metal nanoparticles incorporated into clay show promising anti-bacterial application, suggesting that clay could
be used as a functional material in order to limit the spread of bacteria in agricultural and biomedical applications.
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1. Introduction

Currently, there are many kinds of antibacterial agents
available, which are very effective against pathogenic bacteria
that can produce infection and disease. However, antibacterial
resistance is constantly developing, which adversely impacts
global health.[M Therefore, a lot of research has been carried
out to develop new antibacterial agents with a broader range
of effect. Clays have been used in many applications due to
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their unique properties, high reactivity, and ease of adding
functional components, which effectively enables clays to
serve as smart materials with tunable properties. Clays have
been well-researched in the past few decades, and continue to
be a hot topic in the fields of agriculture and biomedicine.?
Antibacterial clays may offer an added environmentally
benign complementary and alternative delivery vehicle when
dealing with certain health problems. Further, such clays could
act as an advantageous treatment option for certain skin
infections, particularly in developing countries, which may
have access to such common minerals, though lack proper
health services in general. However, applying antibacterial
clays safely and effectively, identifying how they affect
pathogenic bacteria, and assessing potential resultant health
issues need to be investigated.>4

A literature review showed that introduction of
antibacterial compounds and ions of copper, silver and other
metals into the matrix of natural clay created compounds that
were effective against Salmonella typhimurium ATCC 14028,
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Staphylococcus aureus ATCC 13565, Bcee, Pseudomonas
aeruginosa, Stenotropomonas maltophilia,® and
Staphylococcus epidermidis. Further, such clay-based
materials were shown to exhibit strong activity against the skin
condition acne and related pathogens, including
Cutibacterium Acnes and Pseudomonas aeruginosa.l”

The current study explores antibacterial functionalized
Kalzhat clay, which is found in the Almaty region of
Kazakhstan, and is mainly composed of bentonite. Kalzhat
clay has been functionalized with antibacterial metals,
specifically silver and copper. The metals have been anchored
to the clay surface in order to form an inorganic antibacterial
material, which is more favourable than organic counterparts
in terms of safety, stability and functional longevity.[®! The ion
exchange properties of various clays play a significant role in
functionalization. Silver and copper functionalized clay shows
enhanced antibacterial properties due to the ability to
exchange ions present in the clay with the added metal ions.[®
The biocidal properties of silver ions have long been
established, though the ability of any material to distribute
them effectively and efficiently into clusters is key in
achieving a desired outcome. Silver ions inhibit the
proliferation of a number of bacteria, fungi and viruses,***4 in
a manner that exceeds many other materials or devices capable
of limiting the spread of dangerous microorganisms. One can
expand the use of the antibacterial properties of silver ions
through functionalization with clay molecules. Yet, only a few
studies have been done on elucidating the biocidal action of
copper nanoparticles. The present research focuses on the
development of copper and silver functionalized clay, so as to
achieve a better understanding of the antibacterial properties
of such a hybrid system. Of note is that the antibacterial action
of hybrid nano systems is gaining tremendous importance in
scientific circles.

In the present work, the bacteriostatic action of both silver
and copper nanoparticles, inclusive of their functionalized
clays, following examination of their antibacterial action on
gram-positive and gram-negative bacteria, has been carefully
evaluated. The results of the investigation are meant to expand
the current knowledge of, as well as the potential application
of, such antibacterial functionalized clays.!*>17]

2. Materials and methods

2.1 Materials

Clay from the Kalzhat deposits (Almaty region, Kazakhstan)
was sourced locally. Copper (I) sulfate pentahydrate, ascorbic
acid, silver nitrate, sodium hydroxide, sodium citrate, and
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glucose were purchased from Sigma Aldrich (India). All
chemicals were used as is, without further purification. Further,
all solutions were prepared using water filtered via the MilliQ
Plus system (Merck, Germany).

2.2 Methods
2.2.1 Activation of Kalzhat clay (A- Kzh)
Modified Kalzhat clay (3g) was treated with sodium carbonate
(NaxCO3,25 mL, or 2%), and stirred for about 1 hour, then 75
mL of water was added to raise the final volume to 100 mL.
Stirring was continued for a further period of 2 hours,
following which the solution was then filtered and air dried.
The same procedure was repeated for different ratios of
NayCOs3 (3%, 5% and 10%). After adding the required amount
of NayCOs3, the samples were heated to 70°C, and stirred for a
2 h, in order to ensure activation and improve the swelling
process. At the end of this step, any water lost due to
evaporation was replaced through the addition of deionized
water, so as to maintain the same clay concentration in the
suspension. 8l

Depending on the concentration of Na,CO; activated
bentonites and the initial bentonite concentration, the
compounds were designated: 2A-Kzh — Kalzhat clay with 2%
NaCOs; 3A-Kzh — with 3% NaCOs; 5A-Kzh — with 5%
Na,COs3; and, 10A-Kzh — with 10% Na,COs.

2.2.3 Synthesis of Ag nanoparticles (AgNPs)

The silver nanoparticles were prepared by dissolving silver
nitrate (0.017%) in deionized water 100 mL, with a sodium
citrate solution (0.03%) added to the resulting solution and
stirred for 20 min in an ultrasonic bath. The solution was then
stabilized using a glucose (1%) solution and kept in a water
bath at 80°C for 30 min, until the formation of colloidal silver
nanoparticles occurred. The synthesized nanoparticles were
lyophilized and used for further characterization.*®!

2.2.4 Synthesis of Cu nanoparticles (CuNPs)

Copper nanoparticles were synthesized using the chemical
reduction method with a copper (II) sulfate pentahydrate
precursor and starch as a capping agent. The precursor (0.1 M)
was added to the starch (1.2%) solution, followed by 30 mins
vigorous stirring. An ascorbic acid (0.2 M, 50 mL) solution
was added to the resulting solution while rapidly stirring,
followed by the addition of a sodium hydroxide (1M, 30 mL)
solution. Stirring was continued at 80 C for 2 hours, until the
color of the solution changed from light yellow to dark yellow.
The reaction was allowed to finish, then the solution was kept
overnight under ambient conditions, after which the
supernatant was discarded. The precipitates were separated by
filtration, then washed with deionized water and ethanol, in
order to remove any excess starch bound to the nanoparticles.
After drying, the nanoparticles were stored in glass vials for
characterization.[*9

2.2.5 Functionalization of A-Kzh with silver nanoparticles
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(A-Kzh/AgNPs)

The silver nitrate solution (0.017%) was added to a solution of
sodium citrate (0.03%), then stirred for 20 min using a
mechanical stirrer. A suspension of A-Kzh (0.5 g) was then
added, followed by the addition of a glucose solution. The
procedure was repeated for the preparation of Kalzhat clay
with various concentrations of sodium carbonate. The silver
functionalized clay was collected, washed, dried and used for
further characterization.

2.2.6 Functionalization of A-Kzh with
nanoparticles (A-Kzh/CuNPs)

0.1 M copper (II) sulfate pentahydrate solution was added into
120 mL of A-Kzh, followed by vigorous stirring for 30 min.
The procedure was repeated for the preparation of Kalzhat
clay with various concentrations of sodium carbonate. The
copper functionalized clay was collected, washed and dried for
further analysis.

copper

3. Characterization

SEM analysis of Kzh clay and A-Kzh were performed using a
JSM-6390 scanning electron microscope (JEOL, Japan). The
TEM analysis of AgNPs, CuNPs and A-Kzh/AgNPs, A-
Kzh/CuNPs were carried out using a JEM-2100 transmission
electron microscope (JEOL, Japan) with an operating voltage
200 kV. The samples for TEM analysis were prepared by
dispersing nanoparticles and functionalized clay powder in
water and placing them onto a carbon-coated copper grid,
followed by air drying. The FT-IR analysis of the AgNPs,
CuNPs and A-Kzh/AgNPs, A-Kzh/CuNPs were peformed
using a Spotlight 400 FT-IR spectrometer (Perkin Elmer, USA)
with a range of 400-4000 cm’!. Structural features of the Kzh
and A-Kzh, as well as A-Kzh/AgNPs and A-Kzh/CuNPs, were
examined using a Miniflex 600 powder X-ray diffractometer
(Rigaku, Japan), with an X- ray source of Cu ko radiation (A =
1.54 A), an operating voltage of 40-kV, and an operating
current of 15-mA. The X-ray diffraction patterns were
recorded with the 26 values, ranging between 10 and 80°, at a
scan rate of 2° per min. EDX analysis of A-Kzh was
performed utilizing a JEM 2100 transmission electron
microscope (JEOL, Japan), with an operating voltage 200 kV.

3.1 Antimicrobial testing

The antimicrobial activity of A-Kzh/AgNPs and A-
Kzh/CuNPs was tested against gram-positive Staphylococcus
aureus and gram-negative Escherichia coli bacteria, utilizing
the Kirby Bauer agar diffusion test. The bacterial strains were
cultured in Mueller-Hinton broth at 37°C, for 12 h. Then 100
pl of each bacterial suspension was spread uniformly on
nutrient agar. Discs of the AgNP and CuNP functionalized clay,
as well as of the unprocessed clay, were cut into 6mm-
diameter circular pieces and placed on the surface of the
Mueller-Hinton Agar (MHA) plates. For comparison, a control
disc. The culture plates were kept overnight at 37°C for
incubation. The inhibition zones that developed were

© Engineered Science Publisher LLC 2023

measured in millimeters (mm). The experiment was repeated
in triplicate, with results expressed as mean + SD.

4. Results and discussion
4.1 Morphology and qualitative chemical composition
The Kalzhat clay was functionalized with metal nanoparticles
in order to study the antibacterial activity of the clay for future
agricultural applications. Surface morphology of unprocessed
Kzh and A-Kzh clay are shown in Fig. 1. The figure
demonstrates that the surface morphology of Kalzhat clay was
not uniform, as it contains different-sized grains of clay
minerals. Because there were no significant changes in the
surface morphology of the clay treated with various
concentrations of sodium carbonate, in further studies the
research team exclusively utilized the 2A-Kzh sample.

The particle distribution was not homogeneous, as the
samples have different-sized grains, a characteristic of this
group of clays.[*8 The varying lamellae properties and lack of
defined particle sizes are indicative of the porousness of the
clay. Figs. 1(c), (d), (e) and (f), shows a small increase in
particle roughness caused by thermal treatment. The scanning
electron micrograph (Fig. 1) of the bentonite clay indicates the
presence of plate-like particles, as well as globular shaped
ones, the latter of which are due to the presence of impurities
(unfractionated components) in the clay.

b =
b

o

Y .

20kV  X8,000 2um

20KV X5,500  2pm

20KV X5,500  2um

Fig. 1 SEM images of A, B) Kzh; C) 2A-Kzh; D) 3A-Kzh; E) 5A-
Kzh; and, F) 10A-Kzh.

4.2 Analysis of Initial and metal functionalized clay

Qualitative chemical analysis of the bentonite Kalzhat clay is
shown on Table 1. The most abundant components of these
samples are Fe, Si and Al, which are the main components of
clay. The presence of Ca, Mg, Fe, K, Ba and Ti are observed
in the unprocessed Kalzhat bentonite.? The presence of Ti in
its oxide form occurs in small quantities without changing the
properties of the clay.”® The content of Mg, Ca and K
indicates the presence of exchangeable cations suitable for the
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adsorption process. A comparative analysis of the elemental
composition of the initial clay*® and samples following
carbonate activation establish that the content of iron and
cobalt decreases, while an increase in the amount of silicon,
aluminum and calcium occurs. After activation with sodium
carbonate, the presence of carbon and sodium was detected
(Table 1). This in turn increases the exchange capacity of the
clay, improving its adsorption property. Therefore, following
this activation, the Kalzhat clay transitions to sodium
montmorillonite mixed with a small amount of calcium
montmorillonite. The cation exchange capacity of the original
bentonite clay was low compared to commercially available
synthetic montmorillonite.2%2

Table 1. Elemental analysis of 2A- Kzh clay.

Element Weight %  Atomic%
Fe 28.94 4953
C 8.58 13.21
Na 2.55 2.05
Al 14.50 9.95
Si 33.79 22.26
Ca 0.31 0.14
B 111 0.37
Co 0.59 0.18
Cu 7.01 2.04
Hf 1.66 0.17
Au 0.96 0.09
Total 100.00

4.3 FTIR spectroscopic structural analysis

Figure 2 shows the IR spectra of bentonite functionalized with
copper and silver nanoparticles, as well as separate spectra for
the metal nanoparticles themselves. The bentonite clay has the
following characteristic bands: 3400-3700 cm™ (OH
stretching of Si-OH groups); 1640 cm! (deformation
vibrations of the interlayer water in the clay); and, 1030 cm’!
(asymmetric Si-O-Si stretching). The band at 1014cm™! can be
assigned to the Si—O bond in the Kalzhat clay. The FTIR
spectrum in the hydroxyl region shows a peak at 3454 cm™,
whereas that at 3409 cm™! is for the silanol —OH group. Peaks
at 1654 cm™! and 1609 cm™! were indicative of the O-H
stretching vibrations in the clay. In this study, the FT-IR
spectra of the bentonite-containing Kalzhat clay shows an
absorption band at 3695.17 cm™!, which is due to the stretching
vibration of OH groups, and relates to alcohols and phenol-
type compounds. The appearance of a band at 796.59 c¢cm!
seems due to AIAMgAOH stretching, confirming the presence
of quartz, which was then confirmed by X-ray diffraction. Two
weak bands at 938.81 cm™! and 1421.46 cm™! are caused by
OAH bending of the carboxylic acid group and CAH bending
of alkanes, respectively. The FTIR spectra for both the
functionalized clay samples are almost the same, except for
the presence of extra peaks at 2925 and 2854 ¢cm!, due to the
meth (Figs. 2a-2b). The disappearance of stretching and
bending vibrations of AlLeOH at 3620 and 915 cm™! indicate
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the broken Al,eOH bonds. The broad band at 3200-3600 cm ™'
is attributed to an —OH stretching vibration, whereas water
molecules absorbed on showed an —OH bending vibration at
1638 cm™1.122 The broad band around 1000 cm™! was assigned
to the stretching band of SieO and AleO. The small band at
450-500 cm™! was assigned to the skeletal vibrations of
SieOeAl.>
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Fig. 2 FTIR spectra of a) A-Kzh/AgNPs; b) A-Kzh/CuNPs; c)
AgNPs; and, d) CuNPs.

4.4 TEM analysis

The TEM micrographs of the A-Kzh/AgNPs, A-Kzh/CuNPs,
AgNPs and CuNPs are shown in Fig. 3. TEM results
demonstrate that silver and copper nanoparticles were
successfully incorporated into the Kalzhat bentonite (Figs.
3A-3B). In the figures, the spherical morphology of both the
silver and copper NPs are clearly seen to be present on the
surface of the layered Kalzhat clay. This also confirms general
uniform distribution of Ag and Cu nanoparticles on the clay
surface, and indicates the absence of any major agglomeration
of the nanoparticles on the layers of the clay. Compared to the
size of the AgNPs alone, the average size was found to
increase following addition to the clay. Nanoparticle size was
determined utilizing Image J software. The size of AgNPs in
the functionalized Kalzhat was 72.66+23.8 nm. In the case of
the CuNPs, the average size was found to be 75£26.9 nm
following addition to Kalzhat clay (Fig. 3B). TEM images
show the morphology of the AgNPs and particles were around
29.8544.34 nm in size. In Fig. 3C all the AgNPs are almost
spherical in shape, with no aggregation seen. The glucose
molecules seem to have successfully stabilized the
nanoparticles and prevented their aggregation. The TEM
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image in Fig. 3D shows that the copper nanoparticles were
uniform in diameter with a range of 75.37+£28.24 nm, and had
a somewhat polygonal shape. Larger particles with an
increased size were also observed along with a few smaller
particles. The smaller-sized NPs in solution were due to

effective stabilization of the nanoparticles by starch in solution.

Apparently, functionalized Kalzhat clay imparts additional
stability to nanoparticles, preventing their agglomeration.
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Fig. 3 TEM images of A) A-Kzh/AgNPs; B) A-Kzh/CuNPs; C)
Ag Nps; and, D) CuNps.

4.5 Characterization of the clay and NPs using X-ray
diffraction

Generally, the structural features of the materials were
determined using XRD, allowing examination of any
exfoliation or intercalation. The XRD analysis of unprocessed
Kzh clay is shown in Fig. 4A, in which the peaks of bentonite
can be clearly seen to start from 20=19.07 and end at
20=49.67, with particular peaks located at 20:19.73, 20.99,
26.95, 34.87, 36.87, 39.57 and 50.12. The patterns identified
contain silicon oxide (Si0O:), low quartz, low cristobalite,
sodium ozonide and magnesium silicate. The XRD analysis of
A-Kzh is shown in Fig. 4B, from which the peaks of bentonite
are seen to range from 26 =19.37 to 26 = 50.03, with specific
peaks located at 26:19.37, 20.63, 26.77, 34.87, 36.84, 39.81
and 50.03. The patterns identified contain silicon oxide (SiO>),
low quartz, low cristobalite, sodium ozonide and magnesium
silicate. The XRD peaks of montmorillonite (8.8° and 19.7°)
in bentonite almost disappeared. In addition, new X-ray
diffraction peaks (26.5° and 35.5°) emerged and
corresponding to quartz. The structural changes were due to
dehydration, dihydroxylation processes, and formation of the
crystalline structure during the calcination process.[?%?41 The
appearance of strong and sharp diffraction peeks indicates that
the synthesized bentonite-zeolite has been well crystallized.
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Fig. 4 XRD images of a) Kzh; and, b) A-Kzh.

The XRD pattern of AgNPs (Fig. 5c) shows a peak
corresponding to the (200) plane,? which resembles JCPDS
card n0.03-065-2871, and confirms the crystalline nature of
the AgNPs. The structure of AgNPs is cubic, and the crystallite
particle size was 0.408 nm, with an interplanar distance of
0.236 nm. Whereas, the XRD pattern of CuNPs (Fig. 5b)
shows a peak corresponding to the (111)?627 plane of face
centered cubic (FCC) Cu crystals. The crystallite size of
CuNPs was calculated using Scherer’s equation and found to
be in the range of 5-40 nm.

CuNPs AgNPs
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Fig. 5 XRD images of a) A-Kzh; b) CuNPs; and, c) AgNPs.

4.6 Antibacterial analysis

The antibacterial activity of the AgNP and CuNP
functionalized Kalzhat clay samples was assessed by studying
their inhibitory activity, utilizing the disc diffusion method,
against human pathogens, gram-positive (Staphylococcus
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aureus) and gram-negative (Escherichia coli) bacteria, the
results of which are shown in Fig. 6. Clear inhibition zones of
10.5mm and 13.5mm diameters were observed around the
discs placed in the E. coli and S. aureus samples, respectively,
while no zone formation took place around the discs of
unprocessed or activated Kalzhat clay. These results clearly
reveal that the addition of metal nanoparticles provides a high
antimicrobial activity to the Kalzhat clay. The mechanism
behind the enhanced antibacterial activity appears to involve
the adsorption of metal ions onto the surface of the clay, the
generation of reactive oxygen species, and the impairment of
the cell membranes of the bacteria. Due to the interaction of
the metal ions with the thiol groups, alterations to proteins
result in inactivation of enzymes and ultimately in protein
leakage. The breakdown of proton motive force and
disentanglement of respiratory reactions finally lead to
bacterial death. Furthermore, due to the small size and high
surface area provided by the nanoparticles, they successfully
attach to the bacterial membranes, which also enhances the
likelihood of bacterial death. Therefore, the size, shape and
environmental conditions of the metal nanoparticles positively
influence their antibacterial properties. In this study, the
addition of metal nanoparticles to Kalzhat clay prevents the
agglomeration of the nanoparticles through efficient
immobilization on the surface of the clay, without using any
further requisites, thus improving their effective antimicrobial
property. As well, the inhibition zone in the S. aureus sample
was observed to be more than that in the E. coli sample, which
apparently demonstrates that the nanoparticles efficiently
damage the thicker peptidoglycan cell layers of gram-positive
bacteria more than the thinner peptidoglycan cell wall of the
gram-negative bacteria. Finally, this simple and cost-effective
method of adding metal nanoparticles to activated Kalzhat
clay offers several promising applications, including products
for the biomedical, cosmetics and agricultural sectors.

(a)

Fig. 6 The antimicrobial activity of different clay samples against
a) Escherichia coli, with 1) control, 2) A-Kzh, 3) A-Kzh/Ag NPs,
and 4) A-Kzh/Cu NPs; b) Staphylococcus aureus, with 1) control,
2) A-Kzh, 3) A-Kzh/Ag NPs, and 4) A-Kzh/Cu NPs.

5. Conclusion

In the present study, infusion of silver and copper
nanoparticles into activated Kalzhat clay was successfully
investigated following characterization using SEM-EDX,
TEM and XRD, which confirmed the presence of

6| Eng. Sci., 2023, 26, 972

nanoparticles on the clay surface. Antibacterial studies were
carried out, with the results showing that the synthesized
AgNP and CuNP functionalized clay exhibited good
antimicrobial activity against human pathogenic bacteria,
including  Escherichia  coli  (gram-negative)  and
Staphylococcus aureus (gram-positive), with inhibition zones
of 30 mm (AgNP) and 26 mm (CulNP), and of 30 mm (AgNP)
and 26 mm (CuNP), respectively. The authors recommend the
application of such functionalized Kalzhat clay in the
agricultural sector, in order to control the spread of disease
between seed stocks and between plants, perhaps as an
additive to existing treatments, so as to limit the amount of
potentially hazardous agrochemicals utilized. Further, as
mentioned in the text, application in biomedicine as a topical
solution in underdeveloped economies may also be a strong
option.
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