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Abstract: We report the synthesis of Ag/bentonite, ZnO/
bentonite and Ag/ZnO/bentonite nanocomposites (NCs)
using Hagenia abyssinica plant extract and their antibac-
terial study. The synthesized NCs were characterized by
using many advanced techniques. The X-ray diffraction
and high resolution transmission electron microscopy
analysis confirmed the formation of composites with dif-
ferent phases. The average crystallite size (D) values of pure
Ag nanoparticles (NPs), ZnO NPs, and activated bentonite
(Na-AB) were found to be 8.14, 18.1, and 37.6 nm, respec-
tively. The Ag/bentonite NCs, ZnO/bentonite NCs, and Ag/
Zn0O/bentonite NCs exhibited the D values of 7.4, 9.4, and
9.4 nm, respectively. The Fourier transform infrared spectral
analysis revealed the presence of hydroxyl, carbonyl, and
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other functional groups on the surface of the synthesized
NCs. The transmission electron microscopic analysis revealed
the formation of Ag and ZnO NPs with hexagonal, rod-
shaped, and spherical structures. HRTEM also revealed the
presence of (102) plane of ZnO and (220) plane of Ag in Ag/
Zn0/bentonite NCs. The antibacterial activities of the compo-
sites suspension were evaluated against Escherichia coli
ATCC 25922 and Staphylococcus aureus ATCC 25923 by the
disc diffusion and broth dilution methods. The ternary NC
and Ag/ZnO/bentonite exhibited better zone of inhibition of
14.3 + 0.3 and 17.3 + 0.2 mm at 10 mg-mL™* toward E. coli and
S. aureus bacterial strains. The minimum inhibitory concen-
tration and minimum bactericidal concentration values
of Ag/ZnO/bentonite NCs were found to be 156.25 and
312.5 ug-mL " for E. coli. The investigation results revealed
that the low temperature bio-synthesized Ag/ZnO/bento-
nite is a promising bactericide over the binary composites.

Keywords: bentonite, Ag/ZnO/bentonite, Hagenia abyssi-
nica, inhibition zone, bactericide

1 Introduction

The pathogenic bacteria that are multidrug resistant are
showing up much more frequently nowadays. Antimicrobial
resistance has been recognized as an ancient biological phe-
nomenon since the discovery of penicillin [1,2]. European
Center for Disease Prevention and Control reported more
than hundred thousand healthcare-associated infection
cases per day [3,4]. Multidrug-resistant bacteria are a sig-
nificant public-health threat worldwide, especially in low-
and middle-income countries [5]. The resistance of the
microbial activity against the classical antimicrobial thera-
pies is highly affecting the human well-being at large [6—8].

Recently, new approaches to tackle bacterial resistance
have been investigated employing a variety of inorganic
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materials, including metal and metal oxide-based nanopar-
ticles (NPs) and nanocomposites (NCs) [9-13]. The strong
antibacterial activities of the biosynthesized Ag NPs on
Gram-negative and Gram-positive bacteria, including
multidrug-resistant strains were reported by various
group of researchers [9-12,14-17]. Zinc oxide (ZnO) is
also one of the novel antibacterial materials [18]. By
combining ZnO with various band gap semiconductor
materials and polymers and controlling the morphology
and size of ZnO NPs during the synthesis, researchers
are working diligently to improve the antibacterial prop-
erties of ZnO [19,20]. A mixture of Ag and ZnO NPs is
anticipated to have strong antibacterial activity against
a variety of bacteria and efficiency against both Gram-
negative and Gram-positive bacteria [21,22]. The clay
minerals serve as excellent fillers and support materials
for metal and metal oxides to form the composites. The
use of Ag or ZnO coated/impregnated clay has been
reported to have enhanced the antibacterial activity.
The high cation exchange capacity of sodium bentonite
clay, obtained mainly through sodium salt activation,
has been utilized in the preparation of clay-supported
inorganic antibacterial NCs [23]. The synthetic antibac-
terial clay-supported NCs are prepared by exchanging
their native ions with known active species such Ag and
ZnO. Clay is widely used due to its great chemical and
mechanical stability, specific surface area, and range of
surface and structural qualities [23,24]. The antibacterial
activity of the extract of H. abyssinica plant against the
bacteria was reported by various researchers. According
to the reports of these researchers NPs of Ag NPs, Au
NPs, and Cu-NPs were successfully synthesized by using
the extracts of the medicinal plants such as H. abyssinica,
Fagonia indica, and Nerium oleander, respectively [25-27].
The phyto-constituents such as poly-phenols play the
roles of reducing and stabilizing agents during the synth-
esis of the NPs [26]. The synergistic effect of the bioactive
compounds from the plant extract and metallic NPs has
been proved to be beneficial against pathogens. Many
researchers have tried to support metal and metal oxides
over the clay materials to get composites which work
as antibacterial agents, but no work has been reported
on the biosynthesis of Ag/bentonite, ZnO/bentonite, and
Ag/ZnO/bentonite NCs. Hence, the aim of this research
work was to synthesize the novel NCs by using the cal-
cium-rich and sodium carbonate (Na,COs)-activated local
bentonite and leaf extract of H. abyssinica medicinal plant
at low temperature. All the synthesized NCs, Ag/bentonite,
ZnO/bentonite, and Ag/ZnO/bentonite were characterized
and their antibacterial activities were investigated.
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2 Methods and materials

2.1 Materials and chemicals

The analytical grade chemicals: AgNOs; (99.98%), Zn
(CH,CO0)»2H,0 (99.9%), and NaOH were used without
any further purification. Bentonite was collected from
the site at Mille, Afar Region, North Eastern Ethiopia.
The leaves of Hagenia abyssinica plant were collected
from Adele town, Oromia regional state, South Eastern
Ethiopia. The bacterial strains, Gram-negative (Escherichia
coli ATCC 25922) and Gram-positive (Staphylococcus aureus
ATCC 25923) were collected from the Adama Public Health
Research and Referral Laboratory Center for the antibacterial
activity studies.

2.2 Experimental procedure
2.2.1 Purification of bentonite

The collected natural bentonite was sun dried, crushed,
milled, and later screened using a 250 um sieve. To
remove quartz, carbonates, calcites, and iron hydroxide,
the sieved bentonite was dispersed in distilled water
(100 g-1L™") at room temperature and clay fraction was
recovered with a homogenizer (1,000 rpm) for 1h. This
process was repeated four times, in order to obtain the
samples in a pure form. The suspensions were allowed to
stand for 24 h to settle the impurities. The supernatant
was decanted and the precipitate was discarded. The sus-
pension was centrifuged at 3,000 rpm for 20 min, and
then dried in an oven at 60°C, grounded, and sieved
using a 63 pum size sieve, and stored in the closed plastic
bottles for further characterization and studies [28].

2.2.2 Activation of bentonite clay by Na,CO3

Activation of the purified raw bentonite rich with calcium
was carried out using the method discussed in the past
work [29] by slight modification. Purified bentonite (PB)
powder of 100 g was dispersed in 1L distilled water to
form a suspension. Then, 5 g of Na,C0O3-10H,0 was added
to the suspension, stirred, and boiled for 1h to get a
stable aqueous dispersion. The suspension was allowed
to cool to room temperature and diluted with 1L of dis-
tilled water, and allowed to stand for 24 h. The super-
natant was decanted and the precipitate was discarded.
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The bentonite suspension was centrifuged at 3,000 rpm
for 20 min, then dried in an oven at 60°C for 12h and
ground to obtain an activated bentonite powder.

2.2.3 Preparation of aqueous plant leaf extract

About 25 g of the powdered leaves of H. abyssinica plant
was taken in a 1,000 mL conical flask containing 400 mL
of deionized water. The flask was then covered with alu-
minum foil to prevent the effect of light. After that, the
contents of the flask were mixed well using a magnetic
stirrer for 90 min and allowed to warm at 50°C for 1h.
Later the solution was allowed to cool down to room
temperature overnight. The prepared solution was fil-
tered through Whatman No. 1 filter paper to obtain a clear
solution. The filtrate was stored at 4°C [25]. The phyto-
chemical screening was conducted to identify the bio-
molecules present in the leaf extract of H. abyssinica
plant using the standard testing methods [30].

2.2.4 Synthesis of Ag NPs

Plant leaf extract of 100 mL was mixed with 100 mL of
0.2 M AgNOs solution (1:1) by maintaining the temperature
at about 50°C for 2 h. The color change was checked per-
iodically after 30 min of duration. Then, the mixture was
incubated at room temperature for 24 h and the solution
was centrifuged for 15 min at 3,000 rpm. The obtained Ag
NPs was washed with deionized water and ethanol to
remove any impurities. Then, the NPs were allowed to
dry, and ground so as to be used for further analysis [25].

2.2.5 Synthesis of ZnO NPs

Leaf extract of 100 mL was added dropwise to 100 mL of
0.2 M zinc acetate solution and the mixture was vigorously
stirred at 80°C for 30 min. The solution was continuously
stirred for 3 h at 80°C by adjusting the pH of the solution to
12 using 1 M NaOH solution. Then, the solution was cooled
and centrifuged at 3,000 rpm for 20 min to separate the
precipitate. The precipitate was washed several times with
double distilled water and dried at room temperature. The
solid powder was ground using an agate mortar and placed
in a furnace at 450°C for 3 h for calcination [31].

2.2.6 Synthesis of Ag/bentonite NCs

The activated bentonite was dispersed in 100 mL of dis-
tilled water and stirred for 30 min. Then 100 mL of 0.2 M
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silver nitrate solution was added to it. Next, 100 mL of
leaf extract was also added to the solution slowly drop-
wise with constant stirring at about 50°C. The dark
brown-colored mixture was made to settle down over-
night. The settled NC was collected, washed with distilled
water and ethanol four times to remove the bioresidues.
Furthermore, the washed material was dried in a hot-air
oven at 80°C for 12 h to obtain Ag-clay powder [32,33].

2.2.7 Synthesis of ZnO/bentonite NC

The activated bentonite was dispersed in 100 mL of dis-
tilled water and stirred for 30 min. Then 100 mL of 0.2 M
zinc acetate was added to the bentonite suspension and
vigorously stirred. Next, 100 mL aqueous extract of H.
abyssinica was added dropwise with constant stirring
for 30 min at room temperature. The color change was
observed from white to light brown. The solution was
continuously stirred for 3 h at 80°C by adjusting the pH of
the solution to 12 using 1 M of NaOH solution. The obtained
light brown suspension was centrifuged at 3,000 rpm for
20 min. The precipitate formed at the bottom of the con-
tainer was washed with double distilled water and ethanol.
Then, the samples were dried at room temperature, calcined
at 550°C for 1h, and stored in a glass bottle [34].

2.2.8 Synthesis of Ag/Zn0O/bentonite NC

A 2.2 g of ZnO/bentonite was dispersed in 100 mL distilled
water for 30 min at room temperature. Then, a mixture of
100 mL of 0.2 M of a silver nitrate solution and 100 mL of
plant leaf extract was mixed with this solution slowly
with constant stirring at 50°C. The mixture was kept over-
night, centrifuged at 3,000 rpm for 20 min, and washed
with the double distilled water followed by ethanol four
times to remove the bioresidues. Furthermore, the washed
material was dried in oven at 80°C and ground to get the
powder [35,36].

2.3 Characterization

The X-ray diffraction (XRD) analysis was used to study
the crystalline structures of PB, sodium-activated bento-
nite (Na-AB), synthesized NPs, and NCs using an X-ray
diffractometer (XRD700, Shimadzu Co., Japan). The dif-
fraction patterns were recorded within a range of 26 from
10° to 80° for Ag and ZnO NPs and from 5° to 80° for PB,
Na-AB, and NCs. The diffraction data were recorded at
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40 kV and current of 30 mA in a continuous scan mode
with scan rate of 3°-min' by using CuKa radiation with a
wavelength of 1.5406 A [24]. The average crystallite sizes (D)
of the powders were calculated by using Debye—Scherrer’s
formula. The diffused reflectance spectra were recorded in
the wavelength range of 200-800 nm using a UV spectro-
photometer (UV3600plus, Shimadzu, Japan). Fourier trans-
form infrared (FT-IR; PerkinElmer) spectroscopy helps
to ascertain the identity of various phyto-constituents
involved in the reduction and stabilization of the NPs
and NCs [37]. The scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX; EVO18
model with low vacuum facility and ALTO1000Cryo
attachment) and transmission electron microscope with
high-resolution (HRTEM; JEOL JEM2100) were used for
understanding the morphological and structural features
of Ag and ZnO NPs. The selected area electron diffraction
(SAED) was performed to confirm the crystal structure of
NPs and NCs. The particle size and SAED patterns were
computed by using image ] and Microsoft paint software.

2.4 Antibacterial test

The antibacterial activities of H. abyssinica leaf extract,
PB, Na bentonite, Ag NPs, ZnO NPs, Ag/bentonite, ZnO/
bentonite, and Ag/ZnO/bentonite NCs were investigated
against Gram-negative bacteria E. coli ATCC 25922 and
Gram-positive bacteria S. aureus ATCC 25923 through
disc diffusion and broth dilution method in Adama Public
Health Research and Referral Laboratory Center.

2.4.1 Disc diffusion methods

Muller-Hinton Agar and Sheep Blood Agar Media were
prepared by dissolving 38 g of Muller—Hinton powder and
50 mL of Sheep Blood in 1L of distilled water separately
and then sterilized by autoclave at 121°C and 15 pound
pressure for 20 min. After cooling, 20 mL of medium was
added aseptically to sterilized Petri dishes. Then the Petri
dishes were labeled and incubated until they solidify. The
pH of the medium is generally maintained around the
physiological pH of 7.4. The bacterial cultures were main-
tained on blood agar at 37°C. The bacterial suspension
was prepared by taking it from blood agar and dissolving
in sterile normal saline until the concentration of bacterial
suspensions were achieved to 1 x 10’ colony forming units
(CFU)-mL™ by comparison with the 0.5 McFarland Standard.
Then 100 pL of standardized culture of test bacteria was
evenly spread onto the surface of the Muller-Hinton agar
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plates using the sterile cotton swabs. The antibiotic Cotrimoxazole
was used as the positive control to study the efficiency of
the as-synthesized NCs and dimethyl sulfoxide (DMSO)
solvent was used as the negative control. To test each
targeted material, 20 mg of as-prepared sample was dis-
solved in 1mL DMSO (20 mg-mL™). From 20 mg-mL™
concentration of each sample, 10, 5, and 2.5 mg~mL’1
were diluted serially for PB, Na-AB, ZnO NPs, and
ZnO/bentonite NCS and 5, 2.5, and 1.25 mg-mL™" were
serially diluted from 10 mg mL! for Ag NPs, Ag/bentonite,
and Ag/ZnO/bentonite NCs and 6 mm diameter disc was
saturated with 20 pL from each concentration and 25 pg of
Contrimoxazole (positive control) and placed on a plate cov-
ered with lids and incubated at 37°C and 0% CO, for 24 h
[38]. The diameters of the inhibition zone were measured. All
the antibacterial tests were carried out in triplicate and the
averages were reported [39].

2.4.2 Broth dilution methods

Determination of the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC):
Ag/Zn0O/bentonite NCs suspension was tested for the bac-
tericidal effect using both the microbial cultures selected
for the study. The lowest concentration of the material
that inhibits the growth of an organism was defined as
the MIC [40]. The serial dilution method was employed to
determine the MIC of the Ag/ZnO/bentonite NC. Each
of the ten test tubes was filled with 2mL of the liquid
Muller-Hinton Agar medium. In the test tube number 1,
2 mL solution containing 20 mg-mL™" of NC that had been
sonicated at room temperature was added and mixed
thoroughly with the culture medium. The concentration
of NCs in test tube 1 becomes 10 mg-mL™. Then, 2mL of
the content of test tube number 1 was added to test tube
number 2 and mixed completely. This process was per-
formed serially to test tube number 11. Consequently,
2mL content of test tube number 11 was discarded.
Finally, 0.2mL of standard microbial suspensions of
E. coli and S. aureus containing 1 x 10 CFU-mL ™" micro-
organisms were added to the test tubes from 1 to 10, and
the test tubes were incubated at 35°C for 24 h. Then, the
microbial growth was studied by turbidity observation.
The experiments also included both the positive control
and negative control. All the experiments were carried
out in triplicate. The MBC of NPs was determined from
the batch culture studies. For growth inhibitory concen-
tration (MIC) the presence of viable microorganisms was
tested and the lowest concentration causing bactericidal
effect was reported [41].
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3 Results and discussion The synthesized NCs Ag/bentonite, and ZnO/bentonite showed
the absorbance maxima at 313.7 and 316 nm, respectively.
The Ag/ZnO/bentonite NC showed two maximum absorp-
tion peaks at 318 and 372.7 nm due to the existence of both
Ag and ZnO NPs in the composite. This result is in agree-
ment with a previous study that claimed ZnO NPs had
an absorbance peak between 310 and 360 nm [42]. The
The Kubelka-Munk plots of the synthesized samples are ©bserved peak shift in composites was in compliance with
given in Figure 1(a—e). The synthesized Ag and ZnO NPs result of the published work [23,43]. The direct band gap
showed the absorbance maxima at 313and 311 nm, respectively. €nergy Eg values of Ag NPs, ZnO NPs, Ag/bentonite NCs,

3.1 Characterization

3.1.1 UV-visible diffuse reflectance spectra and band
gap analysis
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Figure 1: Bandgap energy values of synthesized nanoparticles and nanocomposites. (a) Ag NPs, (b) ZnO NPs, (c) Ag/Bentonite NCs, (d) ZnO/
Bentonite NCs and (e) Ag/Zn0O/Bentonite NCs.
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ZnO/bentonite NCs, and Ag/ZnO/bentonite NCs were found
tobe 2.5,3.07, 2.9, 3.2, and 3.3 eV, respectively, as depicted
in Figure 1.

3.1.2 XRD pattern analysis

The XRD patterns of the PB and Na-AB samples are
depicted in Figure 2. It shows the basal reflections at
the 26 positions, 6.24 (for PB), 6.9 (for Na-AB), 15.6 (for
PB), 15.9 (for Na-AB), 19.8, 26.4, 29.4, 34.5, 61.4°, etc.
According to the crystal data file (JCPDS 02-0037), these
basal reflections correspond to d(oo1), d(003)> d100y> A(400)s
d330), daosy, and dsoo), respectively. This result is in
agreement with the results of the past work [44].

The do01), d100)» d(04), and doer) diffractions of the
main montmorillonite component of PB and Na-AB are
seen at 6.24 (for PB), 6.9 (for Na-AB), 15.6 (for PB), 15.9
(for Na-AB), 19.8, 34.5, and 61.4° with the distances of ~14
for PB, 12.8 for Na-AB, 5.67 for PB, 5.56 for Na-AB, 4.48,
2.59, and 1.51 A, respectively (Figure 2). The peaks origi-
nating from the non-clay components (dolomite [D] and
quartz [Q]) are observed at 26.4° and 29.4° with the d(400,
and d(330) values of 3.37 and 3.04 A, respectively. It may
be concluded from the comparison of the intensities of
doon peak of PB and Na-AB that the diffractions of the
non-clay minerals, the main component of bentonite, mon-
tmorillonite, and the fractions of quartz and dolomite are in
small quantities [45].

The XRD pattern of the PB powder shows that the ben-
tonite used for this work is smectite with reflection (001)
located at 14 A. This supported that the local bentonite clay

1000
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Figure 2: XRD patterns of (a) PB and (b) Na-AB.
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used is calcium-rich bentonite [46]. The larger dom)
distance of PB (~14 A) than that of Na-montmorillonite
(12.8 A) makes it clear that the used bentonite was cal-
cium-rich bentonite [45]. The Na-montmorillonite obtained
by soda activation has a lower doo;) spacing (~12.8 A”) than
that of the Ca-montmorillonite (14 A°) (Table 3), suggesting
that the Na* ions replaced Ca®* ions in the montmorillonite
interlayer. This finding is in agreement with the result of the
previously published work [47].

The diffraction pattern of the Ag NPs shows sharp
peaks at 20 = 38.20° (111), 43.21° (200), 64.56° (220),
and 77.48° (311) confirming their crystallinity (Figure 3).
The diffraction results were in good agreement with the
data of JCPD file No. 00-004-7383 (Fm3m). A similar
finding was reported earlier [48]. The average crystallite
size of Ag NPs was found to be 8.14 as deduced using the
Debye—-Scherrer equation (1) [49]. This small crystallites
size is the results of using excess leaf extract (1:1) ratio
and it confirms the better capacity of the phytochemicals
toward the reduction and stabilization of NPs.

D = KA/BCosb, 6y

where A is the X-ray wavelength coming from Cu-Ka
(1.540560 A), B is the full width at half maxima of the
diffraction peak in radians, 6 is the Bragg$s angle in
degrees, and K is the shape factor and its value is equal
to 0.9.

The XRD pattern of the synthesized ZnO NPs also
clearly indicates the formation of wurtzite structure for
ZnO (Figure 4). The sharp diffraction peaks were observed
at 26 values 31.9°, 34.5°, 36.3°, 47.6°, 56.6°, 62.9°, 66.5°,
68°, and 69.1° The peaks were indexed to (100), (002),
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Figure 3: XRD patterns of synthesized Ag NPs.
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(101), (102), (110), (103), (200), (112), and (201) diffraction
planes, respectively. All the indexed peaks matched with
the hexagonal phase in accordance with the data from the
JCPDS card No. 36-1451. It is also in good agreement with
the previous findings [50]. The FWHM results revealed the
fringe widths for the planes, dgoo) = 2.806 A, diooz) =
2.60 A, and daon = 2.487 A. This is in compliance with
the results presented in the earlier work [50,51]. The
average crystallite size of ZnO NPs was calculated from
three strong peaks (31.8°, 34.5°, and 36.3°) and estimated
to be 18.1nm.

From the XRD patterns presented in Figure 5, the
characteristic peaks of the bentonite are shown at 20
values of 6.9°, 19.8°, and 27.7°. The prominent peaks of
ZnO were observed at 26 of 31.7°, 34.3°, 36.3°, 47.5°, 56.7°,
62.9°, and 68.01 which can be attributed to (100), (002),
(101), (102), (110), (103), (112), and (201) planes, respec-
tively. In case of ZnO/bentonite NCs, the reduction in the
peak intensities was observed [52]. In the XRD pattern of
ZnO-bentonite NCs (Figure 5(a)), the left side peaks
(below 26 of 30°) strongly exhibited the bentonite char-
acter and right side peaks (20 of 30°) exhibited the ZnO
character. The intensity of the characteristic peaks of the
bentonite is lower than that of activated bentonite, which
is possibly due to the intercalation of ZnO into the inter-
layers of bentonite, which changed the structure of host
materials.

The XRD patterns of Ag/bentonite and Ag/ZnO/ben-
tonite NCs are presented in Figure 5(b) and (c). The peaks
are shown at 26 values of 6.9°, 19.8°, and 27.7° and at 6.9°,
19.6°, and 26.6° for Ag/bentonite and Ag/ZnO/bentonite,
respectively. The obtained patterns are in compliance with
the other reported works [53]. After the intercalation of
Ag and ZnO into the clay, additional peaks were observed
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Figure 4: XRD patterns of synthesized ZnO NPs.
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Figure 5: XRD patters of ZnO/Bentonite NCs (a), Ag/Bentonite NCs
(b), and Ag/Zn0O/Bentonite NCs (c).

corresponding to the formation Ag and ZnO in the compo-
sites. These peaks were reflected at 20 = 38° for Ag which
can be attributed to the (111) plane of the face-centred
cubic silver crystals [54]. The appearance of the peaks at
260 = 32°, 34°, and 36° corresponding to (100), (002), and
(101), reflects the presence of wurtzite phase of ZnO [55].
The presence of the diffraction patterns of Ag, ZnO, and
bentonite confirms that the prepared composites are com-
posed of these three species.

XRD patterns have also been used to calculate the
average crystalline sizes (D) of samples with the help of
Scherrer equation (equation (1)). The calculated D values
of Ag NPs, ZnO NPs, and Na-AB were found to be 8.14, 18.1,
and 37.6 nm, respectively. The D values of Ag and Na-AB
in Ag/bentonite NCs were found to be 12 and 15.8 nm and
the D values of ZnO and Na-AB in ZnO/bentonite NCs were
found to be 13 and 11.7 nm. However, the D values of Ag,
Zn0, and Na-AB in Ag/ZnO/bentonite NCs were estimated
to be 7.4, 9.4, and 9.4, respectively. The D values in NCs
were observed to have decreased due to intercalation of
NPs into Na-bentonites. Hence, the intercalation process
causes structural changes in Na-bentonite samples. It may
be due to the presence of the strong electrostatics attrac-
tion and hydrogen bonding forces in between Na-bento-
nite and intercalate NPs [56].

3.1.3 FT-IR analysis
Figure 6 depicts the FT-IR spectrum of the plant extract

with the peak observed at 3,400 cm™ typical of —OH (alcohol)
group. The peaks appeared at 2,930 and 2,845 cm " correspond
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to C—H (stretch) for alkanes. The peaks at 1,628 and 1,010 cm !
correspond to conjugated alkenes and C-O stretch of alcohol.
The peak observed between 1,000 and 1,500 cm ' is due to the
presence of the C—O bond. The presence of secondary amine
was also detected at 1,628 cm™ [57].

Figure 7 shows the FT-IR spectrum of Ag NPs. The peaks
appeared at 3,420, 2,902, 1,600, and 1,304 cm™? correspond
to —OH stretching, C-H bending, C=0 stretching, C=C
stretching vibrations, respectively. The peaks at 1,170 and
1,014 cm™ are assigned to the absorption of C-O and C-0-C
bonds, respectively. In addition to this, the spectrum of Ag NPs
shows peaks corresponding to the band at 750 cm™* which
may be due to the interaction of Ag with protein molecules
of extract. These results demonstrate that many organic
constituents of plant extract were adsorbed onto the sur-
face of the Ag NPs.

Figure 8 shows the FT-IR spectrum of ZnO NPs (cal-
cined at 450°C for 3 h). The bands were observed at 3,405,
2,350, 2,169, 1,989, 1,439, 1,000, 881, and 526 cm™. The
broad peak around 3,405 cm™" corresponds to H-bonded
or OH stretch bond vibration of polyphenols and flavonoids.
The peak at 2,350 cm ™ corresponds to N-H stretching or the
C=O0 stretching vibrations [58]. The band which appeared
at 2,169 cm™ is due to C=C stretching [59]. C=C=C stretching
was observed at 1,989 cm .. The band at 1,439 cm ™ was attrib-
uted to the C-C stretching of the aromatic ring [60]. The band
at 1,000 cm ™ is assigned to C-O stretching. The peak appeared
in the region between 400 and 600 cm™ is allotted to Zn-0
[61]. So, the band located near 600 cm™ is assigned to Zn—-O
stretching vibration [62].

The FT-IR spectra of Ag/bentonite, ZnO/bentonite, and
Ag/ZnO/bentonite NCs are displayed in Figure 9(a)—(c). In
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Figure 6: FT-IR spectra of H. abyssinica plant leaf extract.
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Figure 7: FT-IR spectra of synthesized Ag NPs.

addition to the appearance of similar peaks discussed ear-
lier, a peak appeared at 1,000cm™ is attributed to the
stretching vibration of Al-O and Si—O. The Al-0O-Si defor-
mation and Zn-O stretching vibrations are shown in the
range of 420-520 and 476 cm™ due to Zn-O stretching
vibration [34,52]. This result revealed the involvement of
the plant extract in the formation of NCs and certain inter-
action between the clay and the NPs.

3.1.4 SEM-EDX of ZnO NPs

The SEM image is shown in Figure 10, with the hexa-
gonal, rod-shaped, and irregularly shaped morphology

100
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Figure 8: FT-IR spectra of synthesized ZnO NPs.
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for ZnO NPs. The EDX analysis of the calcined sample
indicates the presence of elemental Zn and O.

Figure 10(b) reveals the SEM micrographs of ZnO/
bentonite and Ag/bentonite NCs. The SEM micrographs
of these two binary system composites are almost uni-
form in morphologies. The SEM image of ternary system
(Ag/Zn0O/bentonite) is similar to that of binary system, but
the number of particles impregnated/loaded per unit area is
more in the ternary system. The EDX analysis of Ag/bento-
nite, ZnO/bentonite, and Ag/ZnO/bentonite confirmed the
presence of the major elements Ag, Zn, Si, Al, and O in the
binary and ternary systems.

3.1.5 Transmission electron microscopic (TEM) images
and SAED

The TEM images (Figure 11) revealed the hexagonal, rod-
shaped, and spherical morphologies for ZnO/bentonite
NC with the average size ranging between 5 and 35 nm
(histogram 11b). The average diameter of ZnO/bentonite
was found to be around 18.5 nm.

The TEM micrographs of Ag/bentonite NC with sphe-
rical, cylindrical, as well as hexagonal shapes are pre-
sented in Figure 11(e). These particles were found to
vary in size from 3 to 20 nm with an average particle
size of 10.8 nm, as determined by image J Software and
depicted in Figure 11(f).

HRTEM of the composite contains crystal planes of
different constituents of the composites. A lattice spacing
of 0.19 nm, corresponding to the planes of (102) confirms
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Figure 9: FT-IR spectra of synthesized Ag/Bentonite (c), ZnO/

Bentonite (b) and Ag/Zn0O/Bentonite (a) nanocomposites using
H. abyssinica plant leaf extract.
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the wurtzite structure for ZnO (Figure 12(a)). Figure 12(b)
shows the SAED pattern and the results are consistent
with the XRD diffractogram obtained for ZnO NPs, which
contained eight concentric rings (small spots making up
a ring) each corresponding to specific set of crystal
planes. The d-spacing values for all the spots depicted
in the SAED pattern matched with XRD patterns of ZnO
NPs. The HRTEM images as shown in Figure 13(e) and (f),
revealed the d-spacing values of 0.19 and 0.153 nm, which
are consistent with the (102) plane of ZnO and (220) plane
of Ag NPs (Table 1).

3.2 Antibacterial activity analysis
3.2.1 Disc diffusion methods

The corresponding sample denoted by X, is as illustrated
in Tables 2 and 3. The standard Contrimoxazole (Ct) of
25pg exhibited the antibacterial activities within the
range of 18.3 + 0.3 to 23.7 + 0.3 and 20.7 + 0.3 to 24.3 +
0.3 for E. coli and S. aureus, respectively. DMSO (DM)
exhibited no activity (6 mm) on both bacterial strains
and it was used as solvent in samples serial dilution.
The antibacterial test results of the synthesized samples
and the details are summarized in Tables 2 and 3. The
presence of an inhibition zone indicates the antibacterial
effect of the NPs and NCs. The results revealed that the PB
(denoted with “X¢”) and Na-bentonite (denoted with
“X;”) do not exhibit any antibacterial effect. While the
plant extract (denoted with “Xg”) exhibited an inhibition
zone and the results were more pronounced on Gram-
positive bacteria (S. aureus). The plant extract showed
significant antibacterial activities (P < 0.05) against both tested
bacterial strains. The maximum inhibition zone of plant extract
toward S. aureus was 10 + 0.0 mm at 20 mg-mL ! and minimum
was 83 + 0.3mm at 2.5 mgmL™. While, the maximum and
minimum values were found to be 9.1 + 0.3 mm at
20mgmL™! and 7.3 + 0.3mm at 2.5mg-mL™, respec-
tively, toward E. coli (detail in Table 3).

The antibacterial effect of the plant extract is due
to the large number of different chemical compounds.
Tannins and flavonoids are the simple phenolic com-
pounds that serve as defense against pathogens and her-
bivores. The antioxidant property of phenolic compounds
is attributed to the free radical scavenging capacity,
donating hydrogen atom, electrons, or chelated metal
cations [63]. Thus chemical components can affect mul-
tiple target sites against the bacterial cells [64]. E. coli
bacteria are more resistant against H. abyssinica plant
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Figure 10: (a) SEM-EDS spectrum of ZnO NPs, (b) SEM micrographs and EDX of Ag/bentonite, ZnO/bentonite, and Ag/Zn0O/bentonite NCs.

leaf extract than S. aureus. This additional membrane
means that there is also an extra membrane layer termed
periplasm, which develop more resistance than Gram-
positive that contain a thick layer of peptidoglycan in
their cell walls [65].

The antibacterial activity of the biosynthesized Ag
NPs was investigated against E. coli and S. aureus. The
viable disc diffusion method was performed to assess the
antibacterial properties of Ag NPs at various concentra-
tions (10, 5, 2.5, and 1.25 mg-mL™) (denoted with “X,”).

The growth results of E. coli and S. aureus ATCC that were
exposed to various concentrations of Ag NPs are indi-
cated in Table 2. The results show that Ag NPs exhibited
significant antibacterial activities against both bacteria
even for the lowest concentration (1.25 mg-mL™).

The Ag NPs (denoted with “X1”) showed the inhibition
zones between 10.3 + 0.3-11.6 + 0.3 and 11.3 + 0.3-14.3 +
0.3 mm for E. coli and S. aureus at 1.25-10 mg-mL ™, respec-
tively (Table 2). It can be concluded that S. aureus bacteria
was more sensitive toward Ag NPs. This is due to bacterial
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Figure 12: HRTEM of Ag/ZnO/bentonite NC (a), SAED pattern of ZnO NPs (1-8 spots) (b), and Ag NPs (1-4 spots) (c) with crystal planes.

structure as mentioned above. The result also revealed that
the effect was dose dependent. The strong antimicrobial
action of Ag NPs is related to their nanoscale size and
unique properties, changing the structure of cell mem-
branes and even leading to cell death [10,66]. Their effi-
cacy is not only to their nanoscale size but also to their
reactivity toward bacteria DNA or amino acids. They can
increase the permeability of cell membranes, produce
reactive oxygen species, and interrupt replication of deox-
yribonucleic acid by releasing silver ions [67], and as the
concentration of these NPs increase the Ag ions released to
the bacterial cell also increase. The present result also
confirmed that the antibacterial activity of Ag NPs is
dose dependent. This suggests that the inhibition zone is
directly related to the concentration of Ag NPs.

The results of the antibacterial activity of ZnO are
presented in Table 3. The results indicated that ZnO
NPs showed an effective antibacterial activity against
both tested strains, but its activities were less than that
of Ag NPs. Generally, the results showed that the inhibi-
tory effect of ZnO was found to have increased with the
concentration (P < 0.05). A similar positive result was
reported on the antibacterial properties of Ag NPs and
ZnO NPs synthesized by biogenic methods [68].

In Table 3, zones of inhibition for standard Contri-
moxazole (denoted with “Contr”), DMSO, and ZnO NPs
(denoted with “X,”) against both Gram-negative (E. coli)
and Gram-positive (S. aureus) are shown. Their inhibition
zones were found to be 20.3 + 0.3, 6.1 + 0.1, and 10.3 +
0.3mm at 20 mg-mL ™, 10 + 0 at 10 mg-mL™?, 7.6 + 0.3 mm
at 5mg-mL~, and 6.3 + 0.3 mm at 2.5 mg-mL ™", respectively,

for Contrimoxazole, DMSO, and ZnO NPs (with different
dosages) against E. coli ATCC 25922. However, inhibition
zones were found to be 21.3 + 0.3, 6.1 + 0.2, and 11 +
0.6 mm at 20 mg-mL~", 10.3 + 0.3 at 10 mg:mL™, 8 + O mm
at 5mg-mL~’, and 7 + 0.6 mm at 2.5 mg-mL ", respectively,
against S. aureus. A comparison of zone of inhibition values
shows a larger value for Gram-positive bacteria (S. aureus)
than that for Gram-negative (E. coli) bacterial strains toward
standard and different dosages of ZnO NPs. The observed
better inhibition zones show that the synthesized ZnO NPs
disrupt the membrane with high rates of surface oxygen
species generation and finally cause the death of pathogens
[60]. ZnO shows good antibacterial property on both Gram-
positive and Gram-negative bacteria. But, the results were
more pronounced against Gram-positive. The mechanisms
include the release of antimicrobial ions [69], the inter-
action of NPs with microorganisms [70], and the formation
of ROS by the effect of light radiation [71]. The release of
antimicrobial ion/solubility of metal oxides is dependent on
different factors such as the concentration of metal oxides,
time of interaction, and the nature of microorganisms [69].
Zn0 NPs cause disruption of bacterial membranes probably
by the production of reactive oxygen species, such as super-
oxide and hydroxyl radicals. Moreover, ZnO NPs have
positive zeta potential at their surface. This depends
on the nature of the surface of different bacteria. More-
over, the antibacterial activity is reported to be depen-
dent on the concentration of ZnO NPs and the impact of
the type of surfactant used [59].

Composites of Ag/bentonite (denoted with “X,”) and
ZnO/bentonite (denoted with “Xs”) showed a good
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Table 1: d-Spacing values for ZnO NPs and Ag NPs from their SAED
pattern

NPs 1/2r(nm™) 1/r(nm™) r(nm) d-spacing(R) (hkl)

Zn0 8.096 4.048 0.247 2.47 (101)
7.14 3.57 0.28 2.80 (100)
7.72 3.86 0.259 2.59 (002)
12.34 6.17 0.162 1.62 (110)
10.52 5.26 0.190 1.90 (102)
13.6 6.80 0.147 1.47 (103)
13.62 6.81 0.37 1.37 (112)
14.7 7.35 0.136 1.36 (201)

Ag 8.65 4.33 0.231 2.31 (111)
9.52 4.76 0.210 2.10 (200)
13.07 6.53 0.153 1.53 (220)
16.66 8.33 0.120 1.20 311)

antibacterial property. The inhibition zones of Ag/bento-
nite (denoted with “X,”) were found to be 14 + 0 mm at

DE GRUYTER

10mgmL™?, 133 + 0.7 at 5mgmL™, 13 + 0.6mm at
25mgmL™, and 12 + Omm at 1.25mg-mL™" against
E. coli and 14.7 + Omm at 10 mg-mL™}, 13.7 + 0.3 at
5mgmL~, 13.3 + 0.3mm at 2.5mgmL™, and 12.3 +
0.3mm at 1.25mg-mL™" against S. aureus. Similarly,
Zn0/bentonite NCs (denoted with “X5”) show good anti-
bacterial activities than ZnO NPs toward both tested
bacterial strains (Table 2).

The results indicate that both the composites perform
much better in inhibiting bacterial growth than Ag and
ZnO NPs. The bactericidal effect of Ag and ZnO NPs in the
composites can be attributed to their nano-scale proper-
ties. Both bulk materials of Ag and ZnO possess bacter-
icidal properties. But at nano-scale, particles exhibit
more pronounced bacterial effects toward a broad range
of microorganisms. Their small size allows for better
penetration and interaction with the bacteria, disrupting
the cell membrane, when compared to their bulk material

Table 2: Zone of inhibition in mm for Ag NPs and Ag-based NCs at different concentrations

Types of NPs/NCs and bacterial

Mean of three replications and standard error (+SE) of inhibition zones in mm for different

strain concentrations
S. NPs/ Bacterial 10 mg-mL™ 5mg-mL™* 2.5mg-mL™* 1.25 mg-mL™* Contrimoxazole DMSO
No. NCs strain (A) (B) ©) (D) (+ve) (-ve)
1 X1 E. coli 11.6 + 0.3 11.3 + 0.3 11+ 0.6 10.3+ 0.3 20.3+0.3 6+0
S. aureus 14.3 + 0.3 13.3+0.3 13+ 0.3 11.3+ 0.3 21.3+0.3 6+0
2 X5 E. coli 14.3 + 0.1 13.3+£0.3 13+ 0.6 12.3 £ 0.0 20.2 + 0.3 6+0
S. aureus 14.7 £+ 0.3 13.7 £ 0.3 13.3+0.3 12.3+ 0.3 21.3+ 0.3 6+0
3 X3 E. coli 14.3 + 0.3 13.7 £+ 0.3 13.3+0.3 12.3+0.3 23.7 + 0.3 6+0
S. aureus 17.3 £ 0.2 16.3 + 0.3 15.3 + 0.3 14.3 + 0.3 24.3 +0.3 6+0

Note: X4, X5, and X5 are Ag NPs, Ag/bentonite NCs, and Ag/Zn0O/bentonite NCs, respectively, E. coli ATCC 25922 and S. aureus ATCC 25923.

Table 3: Zone of inhibition in mm for synthesized ZnO NPs and ZnO-based NCs

Types of NPs/NCs and
bacterial strain

Mean of three replications and standard error (+SE) of inhibition zones in mm for different

concentrations

S. NPs/ Bacterial 20 mg-mL™* 10 mg-mL™* 5mg-mL™" 2.5mg-mL™! Contrimoxazole DMSO
No. NCs strain (A) (B) (©) (D) (25 pg) (+ve) (-ve)
1 X4 E. coli 10.3 + 0.3 10+0 7.6 +0.3 6.3 +0.3 20.3+0.3 6.1+0.1
S. aureus 11+ 0.6 10.3 + 0.3 8.1+0.3 7+0.6 21.3 + 0.3 6.1+ 0.2
2 Xs E. coli 12.3+ 0.3 10.6 + 0.3 8.3+0.3 6.6 + 0.7 20.2 + 0.3 6.1+0.3
S. aureus 12.3+ 0.3 11.3 + 0.3 8.6 + 0.3 7+0.6 223 +0.3 6.1+0.2
3 Xe E. coli 6.1+0.3 6.1+0.2 6.1+0.2 6.1+0.2 20.1+0.2 6.1+0.2
S. aureus 6.1+0.2 6.1+ 0.2 6.1+ 0.5 6.1+0.3 22.1+0.1 6.1+ 0.1
4 X; E. coli 6.1+0.3 6.1+0.2 6.1+0.1 6.1+ 0.1 223 +0.3 6.1+ 0.2
S. aureus 6.1+ 0.4 6.1+0.2 6.1+0.2 6.1+ 0.2 22.7 + 0.3 6.1+ 0.2
5 Xs E. coli 9.1+0.3 8.7+0.3 8.3+0.3 7.3+0.3 22.7 + 0.3 6.1+ 0.2
S. aureus 10 £ 0.0 9+0.3 8.7+ 0.3 83 +0.3 23.7+0.3 6 +0.2

Note: X, Xs, X¢, X7, and Xg are ZnO NPs, ZnO/bentonite NCs, PB, Na-AB, and plant powder, respectively.
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Figure 14: The display of the zone of inhibitions of the synthesized NPs (a and b) and NCs (c and d) at different concentrations against E. coli

and S. aureus bacterial strains

Table 4: MIC (pg-mL™") and MBC (pg-mL™) of Ag/ZnO/bentonite NCs
for E. coli and S. aureus bacterial strain

Bacterial strain  Strain no. MIC (pg-mL™") MBC (pg-mL™?
E. coli ATCC 25922 156.25 312.5
S. aureus ATCC 25923 78.125 156.25

[53]. Furthermore, a combination of the two composites
(Ag/ZnO/bentonite, denoted “X5”) results in an excellent
antibacterial activity. The antibacterial activity was more
pronounced against the Gram-positive (S. aureus ATCC
25923) than the Gram-negative (E. coli) (Table 2). The
inhibition zones of Ag/ZnO/bentonite NCs (denoted with
“X5”) were determined to be 14.3 + 0.3 mm at 10 mg-mL~,
13.7 £ 0.3mm at 5 mg-mL’l, 13.3 + 0.3mm at 2.5 mg-mL’l,
and 12.3 + 0.3 mm at 1.25 mg-mL ™" against E. coli and 17 +

Omm at 10 mg-mL™, 16.3 + 0.3mm at 5mgmL™, 15.3 +
0.3mm at 2.5mg-mL™", and 14.3 + 0.3 mm at 1.25 mg-mL™
against S. aureus.

The results obtained suggest that the composite can be
used as an effective antibacterial material. The enhanced
antibacterial activity of the composites can be attributed to
the chemical and physical properties of the NPs together
with the large surface area of the Na-AB. This means that
a large amount of NPs was highly dispersed per unit
area of the bentonite surfaces, thus, maximizing anti-
bacterial activity. In such combinations, NPs are largely
attached on bentonite surface which ensure uniform
dispersion, when compared with the bare NPs that
tend to agglomerate and result with low performance
or antibacterial properties.

There are a number of factors that could influence the
results of the disc diffusion assay. First, the diameter of
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the zones is affected by the rate of diffusion of the anti-
microbial compound and thus may not exactly represent
the effectiveness of the sample’s antimicrobial activity.
Another important factor is the standardization of the
inoculum size to 0.5McFarland turbidity. This inoculum
size is important to ensure confluent or almost confluent
lawn growth as a smaller inoculum size (such that single
colonies are seen) may produce falsely large inhibition
zones, while a bigger inoculum size (thick bacterial lawn)
may produce falsely smaller zones instead [72].

To know the statistical significance of the data P-
values were calculated for all the tests. The data pre-
sented in Figure 14 confirm the significance of the data
obtained in the antibacterial study of the synthesized
nanomaterials. As the obtained P-values were less than
0.05 (P < 0.05) in all the cases, it can be concluded that
the data were statistically significant and acceptable.

3.2.2 MIC and MBC of Ag/ZnO/bentonite NCs

The results of the bactericidal effects of Ag/ZnO/bento-
nite NCs against selected bacterial strains via the MIC
and the MBC are summarized in Table 4. The bactericidal
effect of the NCs is dependent on the concentration
of NCs and the initial bacterial concentration. In this
study, the initial bacterial concentration was taken as
1 x 108 CFU-mL™. Ag/ZnO/bentonite NC showed a better
antibacterial activity against both S. aureus and E. coli.
The greater sensitivity of S. aureus toward this NC compared
to E. coli is due to the presence of a thin peptidoglycan
layer with an additional outer membrane consisting of
lipopolysaccharide.

The MIC values of Ag/ZnO/bentonite NCs were found
to be 156.25 and 78.125 pg-mL~" for S. aureus and E. coli,
respectively. The MBC values of Ag/ZnO/bentonite NCs
were 312.5 and 156.25 pgmL‘1 for S. aureus and E. coli,
respectively. These results observed that the S. aureus
was most sensitive against Ag/ZnO/bentonite NCs.

4 Conclusions

The NCs, Ag/bentonite, ZnO/bentonite, and Ag/ZnO/ben-
tonite were synthesized by a rapid and facile biogenic
method using H. abyssinica plant leaf extract. The Na,CO3;
activation of calcium-rich local bentonite resulted in the
reduction of the interplanar space of the bentonite from
14 to 12.8 A. The phytochemicals of H. abyssinica plant

DE GRUYTER

leaf extract served as reducing and stabilizing agents
toward the formation of NPs and NCs. Formation of all
the NPs and NCs was confirmed by using XRD, FT-IR,
SEM-EDX, and TEM techniques. The synergic effect of
Ag NPs, ZnO NPs, and phyto-chemicals of H. abyssinica
on the NC offered the superior antibacterial properties for
Ag/Zn0O/bentonite NCs.
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