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Abstract
The synthesis of multifunctional composites still relies on the use of conventional methods. However, these methods are
expensive, time consuming and require high volumes of reducing agents which are often toxic. In this study, composites
of bentonite-supported silver nanoparticles were prepared comparatively by the conventional heating method and the rapid
microwave method; and their antibacterial activity was investigated against Escherichia coli and Staphylococcus aureus.
The crystalline nature of the composites was evaluated by X-ray diffraction (XRD), while transmission electron microscope
(TEM) coupled with energy-dispersive spectroscope was used for morphology and elemental analysis, respectively. Surface
area and pore size analysis of the composites were conducted by the Brunauer, Emmett and Teller analyzer. TEM images
revealed successful synthesis of the composites with a better dispersion of the nanoparticles achieved through microwave,
where nanoparticle sizes were 6–38 nm and 9–56 nm by the conventional method. It is worth noting that the composites were
prepared in less than 30 min using microwave as compared to 2 h of the conventional method. The XRD spectra confirmed
the formation of silver and not any other impurities of the metal. These results revealed that, although the two methods are
comparable, microwave method is efficient and time saving and can, therefore, synthesize composites with well-dispersed
and narrow distributed nanoparticles. The antibacterial results demonstrated that the prepared composites are effective in the
inactivation of various bacteria. These composites could be applied in water treatment, wound dressing, packaging, etc.
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1 Introduction

Silver is a well-known metal with strong inhibitory and bac-
tericidal effects on a broad spectrum of bacteria. Due to its
properties and widespread applications, silver has received
extensive attention with the aim of functionally improving its
properties [1–3]. Furthermore, silver nanoparticles (AgNPs)
are intensively being studied due to their high surface area,
size-dependent properties and exceptional antibacterial prop-
erties than bulk silver [4–8]. However, because of their
inherently small sizes, nanoparticles tend to aggregate when
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they are utilized alone which hinders some of their prop-
erties and their dangers toward the environment are not
fully understood. The literature has shown that supports
are feasible solution to prevent agglomeration between the
nanoparticles and ensures a consistent distribution of the
nanoparticles throughout the supporting material which is
essential for composite performance. Composites of met-
als or metal oxides with various supporting materials are
specifically attractive due to the increasing demand for high-
performance materials.

Among the materials used to support nanoparticles for
various applications are clays. Clays are environmentally
friendly, have high chemical stability, available at low cost
and in great quantity. Clays are particularly active materials
because of their high surface area, which is advantageous
for supporting nanoparticles. Additionally, because clays are
non-toxic, clay supported with nanoparticles is promising to
have widespread applications [9–12]. Bentonite is a smec-
tite clay which is mainly composed of montmorillonite and
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other non-clay minerals. The clay consists of two tetrahe-
dral sheets which are separated by an octahedral sheet [11,
13, 14]. Various synthesis protocols have been established
for the structural modification and composite preparation of
clays. The methods are predominantly broad since the use
of non-toxic solvents, biodegradable materials and low-cost
chemicals are central to the synthesis process. Thesemethods
include and are not limited to chemical reduction [15, 16],
laser ablation [17, 18], microemulsion [19], UV irradiation
[20], microwave [21, 22], etc. Although these methods are
capable of synthesizing composites, they are expensive, time
consuming, requires high volumes of reducing agents which
are often toxic and controlling the nanoparticle distribution,
size and morphology which is paramount to the performance
of the composites is not always feasible.

As a rapid and simple method, microwave method is
receiving attention for the synthesis of various composites.
Compared to conventional methods, microwave has several
advantages including reduced reaction time, enhanced reac-
tion rate and homogenous nanoparticles with narrow size
distribution of the nanoparticles [23]. Another advantage
of microwave is that process optimization to improve the
composite properties is easier which is not always feasible
when using conventional methods. Parameters that have an
influence on the morphology, size and particle distribution
such as reaction time, power, temperature and magnetic stir-
ring system are controllable when using microwave method.
Composite reactions which would normally take hours
with conventional methods could easily take minutes with
microwave method. Therefore, the use of microwave method
for nanoparticles and composites preparation is considered
attractive because of the reduced time, lower temperatures,
high efficiency and environmentally friendly.

In this study, the preparation of bentonite supported with
AgNPs, their characterization and antibacterial activity is
reported. The composites were prepared comparatively by
using microwave method and conventional heating method.
Thus, the objective of the study is to demonstrate a better
synthesis route for clay composites by using a more effi-
cient method with less toxic reducing solvents and reduced
preparation time. Cutting-edge characterization equipment
such as TEM, EDS, XRD, dynamic light scattering (DLS)
particle size analyzer and BET surface area and pore mea-
surement were used for the analysis of the composites. The
antibacterial efficacy of the composites was evaluated with
E. coli and S. aureus as model bacterial strains.

2 Experimental

2.1 Materials

Bentonite which was provided by Ecca Holdings from South
Africa was used as a support for AgNPs. Sulfuric acid
(H2SO4, 98%) and silver nitrate (AgNO3, 99.98%) were
all analytical grade and were used as received from Sigma-
Aldrich. Distilled water was employed to prepare all aqueous
solutions. Escherichia coli (E. coli, ATCC 25922), a gram-
negative bacteria, and Staphylococcus aureus (S. aureus,
ATCC 25923), a gram-positive bacteria, were used as model
bacterial strains and were obtained from the American Type
Culture Collection.

2.2 Synthesis Methods

2.2.1 Conventional Heating Method

Twenty gram (20 g) of < 150 μm sieved clay was refluxed
with 3 M H2SO4 solution at 90 °C for 2 h (2 h was found to
be the optimum reaction time). After the reaction, the clay
was washed several times to remove any excess impurities,
filtered and dried overnight at 105 °C. The clay was then
crushed to a size < 150 μm. Subsequently, 0.1 M AgNO3

solutionwas prepared, and 500ml added to 15 g of the treated
clay. The mixture was refluxed for 2 h at 80 °C. The result-
ing mixture was washed several times to remove any excess
impurities, filtered and dried overnight at 60 °C. The dried
composite was then crushed to a size < 150 μm.

2.2.2 Microwave Synthesis Method

Firstly, a sieve of < 150 μm aperture was used to sieve the
clay. Part of the clay was refluxed with 3 M H2SO4 solution
at 90 °C for 20 min using microwave reactor at 500 W. After
the reaction, the clay was washed several times, filtered and
dried overnight at 105 °C. The clay was then crushed to a
size < 150 μm. Subsequently, 0.1 M AgNO3 solution was
prepared, and 50 ml added to 1.5 g of the treated clay. The
mixture was heated for 20 min using microwave at 80 °C
and 500 W. The resulting mixture was washed several times,
filtered and dried overnight at 60 °C. The dried composite
was then crushed to a size < 150 μm.

2.3 Characterization

The elemental composition and surface morphology of
pristine clay and the composites were investigated by trans-
mission electron microscope (TEM) JEOL 2100 F that was
run at 200 kV and also coupled with energy-dispersive spec-
troscope (EDS). The powdered samples were dispersed in
an ethanol solution for few minutes, and a drop was placed
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on a holey carbon-supported copper grids. Powder X-ray
diffraction (XRD, PAnalytical XPERT-PRO diffractometer)
analyses using Ni filtered CuKα radiation (k � 1.5406 Å)
with a variable slit at 40 mA/45 kV were used to evalu-
ate the crystalline phases of the materials. The diffraction
measurements were done at a scan range of 2θ � 0–90°.
Simultaneous evaluation of the specific surface area and
pores sizes of all the samples was conducted using Brunauer,
Emmett and Teller (BET) analyzer provided by Micromerit-
ics (TRISTAR 3000) using N2 adsorption method at low
temperatures. Before the measurements, all samples were
degassed under constant flow of N2 gas overnight at 50 °C
to remove the adsorbed contaminants from the surfaces of
the samples. Horiba Dynamic Light Scattering Particle Size
Analyzer LB-550 was used to measure the particle size dis-
tribution. To evaluate the stability of the nanoparticles on
the clays, composite samples were analyzed with inductively
coupled plasma atomic emission spectroscopy (ICP-AES,
PerkinElmer, USA).

2.4 Antibacterial Activity

E. coli and S. aureus were used as model strains to evalu-
ate the antibacterial efficiency of the prepared composites.
Nutrient agar and broth were used for the growth of the
selected bacteria. Prior to the evaluation, sterile nutrient broth
in 100 ml bottle was inoculated with a loop-full of each bac-
teria culture and incubated in a shaking incubator for 24 h at
37 °C and 120 rpm. To assess the bacterial growth, 100 μl
of each bacteria suspension was inoculated into nutrient agar
plates and incubated at 37 °C for 24 h. Thereafter, 100 ml
of nutrient broth was inoculated with 3–5 colonies of each
species and incubated again. A quantity of 100 μl of each
bacterial species was inoculated into nutrient agar plates at
room temperature and left to settle. Pellets of 9 mm were
made from pristine clay, acid-treated clay and composites.
The pellets were carefully put on the agar and incubated for
24 h. Finally, the inhibition zone was measured, and repre-
sentative photographs were taken. The bacterial evaluation
was done in triplicates, and averages are given.

2.5 Leaching Analysis

To test the stability of the nanoparticles on the clay, leaching
tests were conducted on the composites. A 50 ml sampling
bottle was filled with distilled water, and 500 mg of each
composite was added. The composites were subjected to vig-
orous shaking using a bath shaker set at 30 °C and 200 rpm.
Leachates were collected at different time intervals, filtered
and analyzed with ICP-AES.

3 Results and Discussion

3.1 TEM, Particle Size and EDS Analysis

Figure 1 shows HRTEM and TEM representative micro-
graphs of pristine clay, acid-activated clay and clay–AgNP
composites, and the corresponding particle size distribution
is given in Fig. 2. Figure 1a and b provides proof of pristine
clay with its smooth and clear surfaces. Following acid treat-
ment by microwave (MW) (Fig. 1c and d), the clay retains its
smooth morphology while that treated by the conventional
method (CM) (Fig. 1e and f) appears to be rough and with
defects. It is important to note that although acid-treated clay
by conventional method showed defects, clays treated by
microwave showed no obvious evidence of damage or short-
ening of length following the treatment. Less defects on the
clay surfaces can serve as potential active sites for supporting
nanoparticles; however, severe defects can destroy the clay
structure and hinder the possibility of supporting nanoparti-
cles. Additionally, Fig. 1g–i and Fig. 1j–l is evident of the
dispersedAgNPs on the clay surfaces bymicrowave and con-
ventional method, respectively. Both methods demonstrated
a comparative homogeneous distribution of the nanoparticles
with no obvious aggregation observed. When nanoparticles
are synthesized alone, they often aggregate and become
less stable; hence, it is imperative to use stabilizing agents
or supporting materials. Furthermore, the findings of the
study demonstrated that clays are crucial supporting materi-
als for nanoparticles and their particle sizes can be optimized.
The measured sizes by TEM were between 6–38 nm for
microwave and 9–56 nm for conventional method. The par-
ticle size measurements for microwave composites were in
agreement with those measured with the particle size ana-
lyzer (Fig. 2a), whereas for the conventional method, a wide
distribution was observed with a maximum particle size
of around 130 nm (Fig. 2b). Agglomeration of nanoparti-
cles was not obviously observed on TEM images, but the
size of the nanoparticles suggested that agglomeration could
have been possible since there were larger particles mea-
sured. Small and narrow distributed nanoparticle sizes are
crucial characteristics for displaying enhanced properties,
and microwave method has shown to be advantageous in
this regard and is also promising for large-scale production.
The EDS (Fig. 3) quantitative analysis confirmed the pres-
ence of AgNPs in the composites which contained about 19
and 6 wt% of Ag in the composites prepared by microwave
and conventional method, respectively. These results reveal
that a high percentage of AgNPs was obtained with sam-
ples prepared by microwave method. The results may also be
explained and correlated to TEM morphology. TEM images
by the conventional method showed some obvious rough-
ness on the clay surfaces which might be due to the defects
on the surfaces. The defects which mostly act as active sites
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Fig. 1 HRTEM and TEM representation of pristine clay (a, b), MW acid-treated clay (c, d), CM acid-treated clay (e, f), MW clay–AgNPs (g-i)
and CM clay–AgNPs (j-l)

Table 1 Surface area and pore size analysis

Samples BET surface area
[m2g−1]

Pore size
[nm]

Pristine clay 56.77 ± 1.35 8.91 ± 1.86

CM acid-treated clay 231.10 ± 4.64 5.71 ± 0.01

MW acid-treated clay 150.17 ± 3.21 5.76 ± 0.75

CM clay–AgNPs 239.43 ± 3.80 6.92 ± 0.81

MW clay–AgNPs 106.60 ± 5.96 4.80 ± 0.07

for nanoparticles could be too damaged to provide a strong
attachment of the nanoparticles, hence, the low AgNPs con-
tent as observed from EDS analysis.

3.2 Surface Area and Pore Size Analysis

BET specific surface area (SBET) and pore size measure-
ments are given in Table 1. Pristine clay was observed to

have an SBET of 56 m2g−1, which increased as the clay
was acid-treated. Samples acid-treated using conventional
method have shown a higher SBET of 231 m2g−1 while those
treated using microwave method had an SBET of 150 m2g−1.
A significant increase in the SBET from pristine clay to acid-
treated samples is attributed to the impurities removed, and/or
the replacement of interchangeable cations found between
the tetrahedral andoctahedral layers of the clay, hence, expos-
ing the edges [24, 25]. The decreased SBET (106 m2g−1) of
clay composites prepared by microwave is due to the rel-
atively higher amount of AgNPs dispersed on the surfaces
of the clay. However, it is worth mentioning that the SBET
by microwave was larger than that of pristine clay, which
is still high enough and could provide the composite with
enhanced properties than the individual materials. Compared
with the conventional composites, themicrowave composites
showed a decreased SBET while that of the former increased
(239 m2g−1). A decrease is often expected when nanopar-
ticles are deposited on support materials with high surface

123



Arabian Journal for Science and Engineering

Fig. 2 Particle size analyzer histogram of corresponding size distribution of AgNPs in the clay–AgNP composites

Fig. 3 EDS spectra of MW clay–AgNP composites (a) and CM clay–AgNP composites (b)
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Fig. 4 Powder XRD analysis of pristine clay, CM acid-treated, CM
clay–AgNPs, MW acid-treated and MW clay–AgNPs

areas because they fill the surfaces. But for composites pre-
pared by the conventional method, the SBET had a nominal
increase. The increase might be due to the low attachment
of AgNPs on the clay surfaces, where instead of filling the
surfaces, the less deposited nanoparticles were exposed on
the clay surface edges and, therefore, increased the SBET.
For both composites, a decrease in pore sizes was observed
which is a usual occurrence caused by the filling up of pores
by the nanoparticles [24].

3.3 XRD Analysis

Powder XRD studies were carried out (Fig. 4) to establish the
formation of AgNPs and the crystallinity of the composites.
The presence of clays was indicated by peaks appearing at

2θ �6, 20 and26° [13, 26–28].Other peaks assigned to the
claywere observed at 35, 50 and 62°, whichwere observed in
all the samples. The peak at 2θ � 6° for the acid-treated clay
was observed with an increased and sharper intensity, while
the other peaks remained the same as compared to pristine
clay. However, this peak (2θ � 6°) was observed with less
intensity for both clay–AgNP composites. The presence of
Ag on the clay was correlated to a typical diffraction peak at
39° which showed that AgNPs were successfully formed on
the clay surfaces. This peak was observed with a very low
intensity in both the composites prepared by microwave and
conventional method, unlike what was observed from EDS
analyses. The low intensity of the AgNPs diffraction peaks in
the clay was also observed byMagana et al. [28] and Shameli
et al. [29], where they attributed the peak to the incorporation
ofAgNPs into the framework of themontmorillonite [30] and
the even distribution ofAgNPs in the interlayer and surface of
montmorillonite. According to a reported study by Shameli

et al. [31], the diffraction peaks of silver could appear at 2θ
values of 38, 44 and 65°. The 2θ � 39° peak which was
observed in the current study is associated with the simple
face-centered cubic (fcc) silver crystallographic planes (111)
[28, 29].

3.4 Bacterial Activity

The bacterial activity of pristine clay and composites was
evaluated using two bacterial strains. Figure 5 gives repre-
sentative photographs taken after the antibacterial evaluation
through the disk diffusion method, and Table 2 provides a
summary of the findings. The clay used in the study in its pris-
tine form did not show any antibacterial activity as observed
from Fig. 5; with the pellet at the center denoted “1.” The
antibacterial activity of natural clays is variable, since no
naturally occurring clay minerals are exactly the same due
to the variations in their mineralogical and geological com-
positions. However, the acid-treated clays by both methods
(microwave denoted “2” and conventional “3”) showed an
inhibition zone around the pellet. This is due to the active
sites introduced on the clay during the acid-activation, and as
a result, the acidic environment contributes to the response
and availability of toxic metal ions of the clays; hence, an
antibacterial activity is observed. The composite results by
both methods (microwave denoted “4 and 5” and conven-
tional denoted “6 and 7’) exhibited excellent antibacterial
activity toward both E. coli and S. aureus. It was observed
that composites prepared by microwave had a higher inhi-
bition zone compared to those prepared by the conventional
method. This could be correlated to the small particles sizes
and well-dispersed AgNPs. It is said that AgNPs with small
sizes have superior antibacterial properties as compared to
those with larger sizes [1–3]. Another notable observation
is the antibacterial efficacy of E. coli and S. aureus, which
could be justified by their structural characteristics. Gram-
positive bacteria have a thick cell wall which makes the
penetration of the silver ions (Ag+) difficult, and at a low rate,
whereas gram-negative bacteria are characterized by a thin
cell wall which makes the bacteria more vulnerable to for-
eign objects. The antibacterial effect of AgNPs is attributed
to the Ag+ ions released, in which the release is associated to
the surface energy of the nanoparticles [1–3]. Other possible
mechanisms of AgNPs inactivation may include the gener-
ation of reactive oxygen species, attachment of AgNPs on
the cell wall of the bacteria and an increased permeation rate
within the bacterial cell [1–3, 32, 33]. A study by Krish-
nan and Mahalingam [32] stated that bacteria cell walls are
negatively charged as the cell surfaces are composed of func-
tional groups such as phosphate, hydroxyl and carboxyl in
their lipid bilayer. Hence, cations such as Ag+ from compos-
ite materials can easily attach to the cell surfaces and disrupt
the cell metabolism, causing cell death. Similar results were
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Fig. 5 Bacterial evaluation of composites toward E. coli (A) and S. aureus (B): (1) pristine clay, (2) MW acid-treated clay, (3) CM acid-treated clay,
(4) and (5) MW AgNPs–clay and (6) and (7) CM AgNPs–clay

Table 2 Inhibition zone diameter
of pristine clay, acid-treated clay
and clay–AgNP composites

Samples E. coli (ATCC 25922) S. aureus (ATCC 25923)

Initial diameter
(mm)

Final inhibition
zone diameter
(mm)

Initial diameter
(mm)

Final inhibition
zone diameter
(mm)

Pristine clay 9 – 9 –

MW acid-treated
clay

9 13 ± 2 9 13 ± 2

CM acid-treated
clay

9 11 ± 2 9 11 ± 2

MW
AgNPs–clay(1)

9 17 ± 2 9 14 ± 2

MW
AgNPs–clay(2)

9 17 ± 2 9 14 ± 2

CM AgNPs–clay(1) 9 15 ± 2 9 13 ± 2

CM AgNPs–clay(2) 9 15 ± 2 9 13 ± 2

observed byMoosa et al. [33],where they prepared nanocom-
posites of AgNPs/kaolin and evaluated the bacterial activity
with E. coli and Enterococcus faecalis (E. faecalis). Their
results showed that the interaction between the AgNPs and
the negatively charged cell wall caused a disruption of the
cell membrane leading to cell leakage and consequently cell
death. Therefore, the results of the current study also indi-
cate that the composites are promising antibacterial material
applicable in water treatment, pharmaceutical, biomedical or
as reinforcement materials for packaging materials.

3.5 Leaching Analysis

The stability of the nanoparticles on the clays was analyzed
with ICP, and the results are given in Table 3. The results
show that the amount of AgNPs that leached into the water
increased with more shaking and contact time. However, the
leached nanoparticles were still within the acceptable limits
as recommended by the World Health Organization (WHO)
standards [34]. The acceptable limits for Ag as given by the
WHO are set to be below 0.005mg/l. Additionally, theWHO
has suggested that drinking water treated with Ag for disin-
fection may have the concentration of Ag above 50 μg/l.
This is because daily estimates for Ag consumption per per-
son have been set at 7 μg. Therefore, these results indicate
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Table 3 Leaching analysis
Samples 0 min 30 min 1 h 2 h 4 h 6 h 8 h

CM clay–AgNPs (mg/l) < 0.005 0.008 0.016 0.028 0.047 0.053 0.064

MW clay–AgNPs (mg/l) < 0.005 0.003 0.011 0.019 0.026 0.036 0.049

that the composites are safe to use for consumer products
including water treatment, and the stability of AgNPs is pos-
itive.

4 Conclusions

In this study, clay-supported AgNPs were prepared compar-
atively by microwave and conventional method, and their
antibacterial activity was evaluated. Uniform dispersion on
the clay surfaces was observed with small nanoparticle sizes
(6–38 nm by microwave and 9–56 nm by conventional
method). Microwave method was observed to significantly
reduce the required reaction time of the composites. Com-
posites were synthesized in less than 30 min as compared
to 2 h of the conventional method. The antibacterial studies
indicated that both composites are suitable to inactivate the
bacteria tested. Furthermore, both composites showed amore
favorable inhibition zone on E. coli than on S. aureus. This
may be due to the thin cell wall of the gram-negative bacteria
making it more vulnerable as compared to the gram-positive
bacteria which has a thick cell wall making it more resistant
to antibacterial agents. Additionally, the antibacterial prop-
erties of the composites are promising for applications in
water treatment, pharmaceutical, biomedical or as reinforce-
ment materials for packaging materials.
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