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ABSTRACT

Silver nanoparticles (AgNPs) were successfully fabricated by utilizing AgNO, as a metal precur-
sor and aqueous extract of Haplophyllum tuberculatum extract (HTE) as a source of bioreducing
and capping agents through controllable microwave irradiation. Influence of different parame-
ters including pH, HTE volume, silver nitrate concentration, incubation time, and temperature
were also discussed. The morphological characteristics were investigated using high resolution
transmission electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction,
while the functional groups of bioreducing agents and their efficacy for nanoparticles stabilization
were determined using Fourier transform infrared spectroscopy and zeta potential, respectively.
Electrochemical behavior of the nanoparticles was studied using cyclic voltammetry (CV) while the
optical features were determined using ultraviolet-visible and fluorescence emission spectroscopy.
The results indicated that the nanoparticles are semispherical with an average size of 40 nm. These
particles have considerable stability confirmed by zeta potential value (—45 mV) and also electro-
chemically detected at 424 mV. On the other hand, the nanoparticles showed antibacterial activity
against total and fecal coliform bacteria. Also, the antibacterial activity of biosynthesized AgNPs
against Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and Klebsiella pneumoniae was evalu-
ated. Overall, our biosynthesized AgNPs could be used in developing the treatment techniques of
wastewater.
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1. Introduction

Nanochemistry is a promising arena that has a prom-
inent influence on tomorrow’s world. It deals with the
design, synthesis, and modification of nanostructures
that have a size ranges from 1 to 100 nm. The enhanced

* Corresponding author.

features of nanostructures make them a good candidate
for a variety of applications including catalysis, biosensing,
and energy conversion in addition to water treatment [1-3].
Nanostructures synthesis could be prepared through laser
mediated fabrication, sonochemical, and thermal decom-
position techniques [3-5]. These techniques are known for
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their various disadvantages resulting from the hazardous
chemicals including the used solvents and reducing com-
pounds, and the produced byproducts [6]. Also, these phys-
icochemical pathways require complicated provisions and
high costs due to high energy consumption. So, there is an
urgent necessity to find new techniques for the fabrication
of nanostructures. Biological techniques are regarded as
the most suitable alternatives for the physicochemical tech-
niques because they are simple, cheap, and environmentally
benign without the need to use hazardous compounds [5-7].
Biological sources including enzymes, algae, fungi, proteins,
bacteria, and plants have been used for metal-based nano-
structures fabrication. Synthesis of metallic nanostructures
through using plants is more favorable due to the elimina-
tion of toxic chemicals and high-energy [8-11]. Plants are
rich in numerous biomolecules such as flavonoids, tannins,
proteins, and polysaccharides that are capable of the metal-
lic nanoparticles formation and stabilization. Also, they are
obtainable, vastly distributed, and appropriate to be used
on a large scale [12]. The exact mechanism of nanoparticle
synthesis process is still unclear. Various published reports
refer to the plant active ingredients as effective reducing
and capping molecules in nanoparticle fabrication [11-13].
Some reports showed that the plant biomolecules affect the
shape and size of metallic nanostructures. Magnolia Kobus,
Cinnamomum camphora, Cassica fistula, Sorbus aucuparia,
and Parthenium hysterophorus were utilized previously for
metallic nanostructures synthesis [14 and references are
therein]. Various physiological conditions such as tempera-
ture, pH, the concentration of precursor ions, plant extract
quantity, and reaction time showed an impact on the size,
dispersity, and synthesis rate of AgNPs. Vimala et al. [15]
found the optimal proportion of reaction mixture for bet-
ter AgNPs fabrication was fixed as 95 mL 1 mM metal
salt with 5 mL of the plant extracts [16]. Pure water that
is free of toxic compounds and microbes is necessary for
living organisms especially humans. Freshwater sources
are reduced due to droughts and population growth [17].
Basically, the most important threat that affects the purity
of drinking water is the antimicrobial infection that leads
to diseases such as cholera, cryptosporidiosis, and gastro-
enteritis. Recently, nanochemistry has been used as an effi-
cient tool for water treatment. Silver has been known for its
efficient antibacterial properties but the mechanism and the
mode of action are still enigmatic [18-20]. In our study, we
represent the microwave assisted synthesis of silver nano-
particles (AgNPs) using Haplophyllum tuberculatum extract
(HTE). The spectral and electrochemical features of bio-
synthesized AgNPs were studied. The antibacterial activity
of the biosynthesized AgNPs has been also investigated.

2. Materials and methods
2.1. Plant collection and extraction process

Plant materials were gathered during summer 2018 and
recognized by the botany department of Menoufia University.
The plant materials were washed by distilled water to
detach the fine dust particles then dried and powdered. A
mix of four grams of powdered plant and 250 mL of distilled
water was heated at 55°C for 35 min using a water bath.

HTE was filtered to eliminate the insoluble plant biomass.
The resulted yellow color filtrate was stored in the refrige-
rator for further studies.

2.2. Silver nanoparticles synthesis

Plant extract was added to silver nitrate (AgNO,; 99.8%,
Cambrian chemicals, Canada) then kept in a microwave
(MG-2312W, LG Co., Seol, Korea) at a constant power and
exposure time of 800 W and 180 s, respectively. A yellow-
ish-brown colloidal suspension from AgNPs was produced
then purified through centrifugation (18,000 rpm, 10 min).

2.3. Characterization of the biosynthesized silver nanoparticles

The absorption peak corresponding to surface plas-
mon resonance (SPR) of the AgNPs suspension was deter-
mined using UV-Vis spectrophotometer (Model-SHIMADZU
UV-2450, Japan). A diluted nanoparticle suspension was
used for UV-Vis analysis at the wavelength range of 200-
800 nm. High resolution transmission electron microscopy
(HRTEM) (JEM-2100 electronic microscope, JEOL, Japan)
was used to evaluate the size and morphology of AgNPs at
an accelerating voltage of 300 kV. The crystal nature of bio-
synthesized AgNPs was characterized using X-ray diffrac-
tion (XRD) (D/MAX-IIIC, Rigaku Corporation, Japan). The
biomolecules of HTE resulted in metallic nanoparticles bio-
synthesis was determined using Fourier transform-infrared
(FT-IR) spectroscopy. AgNPs were mixed with potassium
bromide crystal wafers then dried before examination. FTIR
(IR 100/IR 200 spectrometer, USA) analysis was carried out
in the range of 4,000-400 cm™. The fluorescence emission
of the excited electron of AgNPs was studied using spec-
trophotometer (Model-SHIMADZU RF-5301 PC, Japan).
A diluted AgNPs sample was subjected to the apparatus
using quartz cell at the wavelength range of 200-800 nm.

2.4. Stability studies of biosynthesized AgNPs

The stability of the AgNPs was determined by using zeta
potential analyzer (Zeta PALs, Brookhaven, USA). A small
volume of the purified AgNPs was taken on the cuvette
then subjected to the zeta potential analyzer.

2.5. Electrochemical studies

The electrochemical properties of the nanoparticles
were determined using MF-9002 BASi Epsilon potentio-
stat. The cyclic voltammetry (CV), a potentiodynamic
electrochemical technique, was performed using the three-
electrode system. A platinum wire, saturated silver/silver
chloride electrode, and glassy carbon electrode were used
as an auxiliary, reference electrode, and working electrode,
respectively. The supporting electrolyte used in the analysis
was 0.1 M Phosphate buffer solution (Sigma-Aldrich, USA)
of pH 7.8. The glassy carbon electrode was polished then
ultrasonicated for 3 min in deionized water. Two milliliters of
AgNPs suspension were mixed with 8 mL of Phosphate buffer
solution. The dissolved oxygen was removed through purg-
ing N, gas for 5 min. Cyclic voltammogram was obtained
at 100 mV/s scan rate in the potential range of -1.2 to 1.2 V.
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2.6. Antibacterial activity

The antibacterial effect of AgNPs was tested against
bacterial species in sewage obtained from El-Rahawy drain-
age, Egypt (30°12 N; 31°02 E). The sewage was treated with
AgNPs to examine their antibacterial activity. 0.25, 0.5, and
10 mg AgNPs concentrations were mixed with 250 mL of
sewage then shacked at 150 rpm and plated after 2 and 4 h
on nutrient agar medium to examine bacterial reduction.
The Petri plates were incubated in dark at 44°C and 35°C for
fecal and total coliform, respectively. Disk diffusion method
was used to determine the antibacterial efficacy of AgNPs
against B. subtilis and S. aureus as gram positive alongside
K. pneumoniae and E. coli as gram negative [21]. Bacterial
strain of each species was swabbed on the Muller Hinton
Agar onto individual plates. Three discs of Whatman fil-
ter paper No. 40 were prepared with 7 mm diameter. Same
amounts (30 pL) of the plant extract, silver nitrate solution
and biosynthesized AgNPs were subjected to the discs
that have been incubated for 24 h at 37°C then the inhibi-
tion zones were checked. Statistical data was performed
by SPSS Statistics 24.0 software using one way ANOVA at
p-value 0.05.

3. Results and discussion
3.1. Biosynthesis of silver nanoparticles: a green approach

The predominant technique for AgNPs formation is
the reduction of metal precursor (AgNO,). Fabrication
of AgNPs through plant extract biomolecules is favored
because of their ability to reduce and stabilize the AgNPs.
AgNPs were formed after treating 10 mL of HTE with
100 mL AgNO, solutions (3 mM). The reaction initiated
within a few minutes and the reaction mixture color was
changed from the yellow color into dark brown represent-
ing the AgNPs formation.

3.2. Characterization of the biosynthesized silver nanoparticles

According to the previous studies, the appearance of
deep yellowish-brown color is related to SPR produced from
pulsing mode coming up during the coupling of electro-
magnetic filed in visible range with combined vibrations
of electrons in conduction band. Fig. 1 shows an absorp-
tion band of AgNPs at ~ 442 nm. AgNPs usually exhibit an
absorption band in the range of 410 to 450 nm [15,22,23].
UV-Vis spectra of AgNPs resulted from different synthe-
sis conditions, metal precursor and HTE concentration,
pH, temperature, and reaction time are provided (Fig. S1).
HRTEM images and the histogram of nanoparticles dis-
tribution pattern confirm that AgNPs are semispherical
with a size range of 15-65 nm (40 nm average size) sur-
rounded by capping layer with about 4 nm thick (Figs. 2a
and b). The particle size distribution is shown in Fig. 2c.
The energy-dispersive X-ray spectroscopy (EDX) analysis
confirmed also the formation of AgNPs (Fig. 2d). The peak
around 3.0 keV indicates the presence of silver element [24,25].
The appearance of O peak may be ascribed to X-rays exci-
tation from plant biomolecules containing O related groups
which refers to the involvement of the plant biomolecules
in capping of AgNPs [26].
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Fig. 1. UV-Vis spectra of biosynthesized AgNPs. The inset indi-
cates the color difference of AgNO, (a), HTE (b), and AgNPs (c).

The effect of different conditions including silver
nitrate concentration, plant extract volume, the reaction pH,
and the temperature on the average size of biosynthesized
AgNPs was also studied (Fig. 3). Fig. 3a exhibits the differ-
ent average sizes of AgNPs when different concentrations
of AgNO, solution reacted with 10 mL HTE. In general, the
particles size increases with the increase of AgNO, concen-
tration. At a low concentration of silver nitrate solution,
less number of silver cations are available to be reduced by
abundant bioreducing molecules and thus the size is rel-
atively small. As the AgNO, concentration increases, the
number of Ag' produced increases, and consequently the
biosynthesis efficacy is negatively affected resulting in large
sized AgNPs. This increase is dependent when the equilib-
rium between both AgNO, concentration and bioreducing
molecules availability is reached. Therefore, the increase is
negligible [15,16]. Fig. 3b shows the average sizes of AgNPs
produced from mixing different volumes of plant extract
with constant volume (100 mL) of AgNO, (3 mM) solution.
The average size of AgNPs decreases with the increase
of added HTE volume. This occurs due to the plenty of
bioreducing and stabilizing biomolecules in the medium.
However, the average size is relatively steady once equi-
librium point is attained as there is no more silver cations
available yet [27]. Similar findings were reported earlier
[15] where the biogenic AgNPs using Couroupita guianensis
have shown direct effect on size and biosynthesis rate in
accordance with different plant extract. The pH is one of
the most significant factors that affect the metal nanopar-
ticles synthesis. At neutral medium, the reaction initiated
and AgNPs fabrication was accomplished through 20 min.
At acidic medium, AgNPs yield was low with larger sizes
of nanoparticles. At basic medium, yield was high with
smaller sizes nanoparticles owing to the presence of a suf-
ficient number of functional groups responsible for reduc-
tion and stabilization. At pH 12, flocculation of metallic
nanoparticles was observed. Fig. 3c infers that the average
size of nanoparticles decreases with increasing pH from
5 to 8, but continuous increase in pH causes aggregation.
At strong basic solutions, deprotonation of some biomol-
ecules may occur and this gives rise to detaching the sta-
bilizing layer surrounding AgNPs resulting in aggregation



278 E.I. El-Aswar et al. / Desalination and Water Treatment 195 (2020) 275-285

Stabilizing layer

/

-
© X}
o (=]
(9]

Frequency
D
o

30
o 9% 20 40 60
—_— Particle size (nm)
Ag d

1500
[/}
et
=
- 1000
8 0

500 Na

Ag
0 A

2

Energy (keV)

Fig. 2. HRTEM images display biosynthesized AgNPs (a and b), histograms of the size distribution (c), and EDX spectra of biosyn-
thesized AgNPs (d).
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and thus larger size nanoparticles [28,29]. Elevating the
reaction temperature enhanced AgNPs biosynthesis. While
the reaction temperature raised from 30°C to 55°C, the
yield increased with comparatively small size of AgNPs.
Keep rising the temperature (higher than 55°C) boost the
crystals that surround the nucleus leading to larger AgNPs
(Fig. 3d) [30].

Fig. 4 shows the XRD pattern of synthesized AgNPs.
The observed diffraction peaks at 20 =38.13°, 44.30°, 64.34°,
and 77.42° were coincided with (111), (200), (220), and (311)
diffraction planes, respectively, which designated the cubic
crystal structure of AgNPs. The XRD pattern showed that
crystalline AgNPs were biosynthesized through the biore-
duction of Ag" ions by HTE. Similar results were reported
in earlier studies [19,31]. The biomolecules with the capa-
bility to reduce Ag' forming AgNPs (Ag’) were deter-
mined by using FT-IR spectroscopy. Fig. 5 displays the
FT-IR spectra of HTE. The absorption bands at 3,555 cm™
corresponds the O-H stretching vibrations [32]. The C-H
vibration bands were appeared at 3,065 and 2,925 cm™
while, the observed band at 1,705 cm™ represents the C=O
stretching vibrations [33,34]. The bands detected at 1,442
and 1,475 cm™ refer to C—C stretching of aromatics while
the 1,085 cm™ band could be attributed to C-O stretch-
ing of alcoholic and phenolic compounds [35]. A 585 cm™
band represents the metal-ligand stretching resulted from
metal nanoparticles-biomolecules interaction [34,36]. HTE
absorption bands exhibits bands that correspond to func-
tional groups of polyphenolics and acids. Also, previous
studies confirmed the presence of flavonoids and other
phenolic compounds in HTE. These biomolecules act as
bioreductant and capping agents [37,38].

The fluorescence emission could be initiated by elec-
trons photoexcitation and subsequent relaxation [39].
Fig. 6 illustrates the fluorescence emission of the AgNPs
electrons photoexcited at 380 nm. The fluorescence emis-
sion peak was detected at ~469 nm. Our results are agreed
with previous published reports [40]. The fluorescence
process of metals resulted from electron transfer in the
band below the Fermi level to holes in the d bands. The
fluorescence emission of AgNPs specifically produced

Biosynthesized AgNPs

Intensity (a.u.)

Fig. 4. X-ray diffraction pattern of biosynthesized AgNPs.

from the transition of electrons from the conduction band
(5sp!) to valence levels (4d') [39].

3.3. Stability studies of biosynthesized AgNPs

Stability of metallic nanoparticles could be studied
efficiently using zeta potential. The highly stable metal
nanoparticles showed zeta potential values over than +30 or
-30 mV while, zeta potential values around -15 or +15 mV
means that the nanoparticles at the doorstep of agglomer-
ation [41]. Our fabricated AgNPs showed zeta potential of
—45 mV (Fig. 7). Owing to the highly negative electrostatic
charges on the surface of AgNPs which generate repulsive
forces, form high-energy barrier and possibly preserve
the AgNPs without affinity to flocculation [42].

3.4. Electrochemical studies

CV is a useful technique to study the electrochemical
behavior of different substances. Electrochemical detec-
tion of AgNPs was occurred based on the faradaic charge
transfer after striking the electrode by AgNPs [43]. AgNPs
were oxidized at the glassy carbon working electrode giving
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Fig. 5. FTIR spectra of biosynthesized AgNPs with HTE.
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Fig. 6. Fluorescence emission of biosynthesized AgNPs with
HTE.
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Fig. 7. Zeta potential measurements of biosynthesized AgNPs
with HTE.

rise to the anodic peak. Our fabricated AgNPs showed an
anodic peak current of 16.54 pA at 424 mV (Fig. 8). AgNPs
electrochemical oxidation data of recent published reports
confirm our obtained results [44,45].

3.5. Antibacterial activity of AGNPs

The most critical issue afflicting people around the
world is water pollution. The main sources of this pollution
are industrial wastewater and sewage discharge. However,
sewage accommodates mainly all species of non-pathogenic
and pathogenic microorganisms which responsible for
diseases [46]. In our study, AgNPs were used to determine
their antibacterial efficiency against the sewage pathogens.
The results showed no bacterial growth in the Petri dishes
when the sewage was treated with AgNPs. Increased bac-
teria population reduction was observed upon increasing
both AgNPs concentration and incubation time (Table 1).

In addition, the antibacterial activity of AgNPs against
isolated bacteria was studied. The control disks (5 mM
silver nitrate and HTE suspension) show no inhibition

20p

T T T T T
-1.0 -0.5 0.0 0.5 1.0

Potential (v)

Fig. 8. Cyclic voltammogram of biosynthesized AgNPs with
HTE.

zones against the chosen strains. Fig. 9 reveals the excel-
lent antibacterial activity of AgNPs manifested by inhi-
bition zones. The statistical analysis exhibited that there
was no significant difference among isolated bacteria in
the activity of AgNPs with p = 0.734 (Table 2). This anti-
bacterial activity originates from electrostatic interactions
between positively charged AgNPs with the overall neg-
atively charged surface of the bacteria which leads to cell
death through disruption of transport mechanism [47,48].
AgNPs were observed near the cellular membrane (Figs. 10
and 11). These nanoparticles promote the rupture of a cell
membrane, inhibit protein function as well as destruct the
DNA [48]. As a result of the cell membrane deterioration
alongside the decline of adenosine triphosphate (ATP)
level in the bacterial cell, the bacteria eventually will
meet its death [49]. Consequently, AgNPs are deemed as a
broad-spectrum antibacterial agent [50].

4. Conclusion

AgNPs has been synthesized through microwave
assisted biosynthesis using HTE plant which is considered
as a rapid, simple, green, cost-efficient, and ecofriendly
approach. Reaction parameters such as silver nitrate con-
centration, plant extract volume, the reaction pH, and
temperature were investigated to determine their impact
on the size of formed particles. AgNPs were characterized

Table 1

Antibacterial activity of biosynthesized AgNPs (A) control after
2 h, (A1-A3) 0.25, 5, 10 mg in 250 mL of sewage, respectively;
(B) control after 4 h, (B1-B3) 0.25, 5, 10 mg in 250 mL of sewage,
respectively

Code Total coliform Fecal coliform
CFU/100 mL CFU/100 mL
A (Control) 86 x 10* 35 x 10*
Al 65 x 10? 8 x 10?
A2 20 x 102 740
A3 95 60
B (Control) 84 x 10* 33 x 10*
B1 55 x 102 2 x10?
B2 720 22
B3 40 0
Table 2

Statistical analysis of antibacterial activity of biological AgNPs
on isolated bacteria

AgNPs concentration Inhibition zone p-value
(ng/mL) (mean * SE)

85 15.75+1.43

65 14.50 + 0.86

45 16.25 £2.92 0.734
25 16.00 = 3.00

5 12.75+£0.75
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Fig. 9. Photo images how the zone of inhibitions observed for AgNPs action against of (a) S. aureus, (b) B. subtilis, (c) E. coli, and
(d) K. pneumoniae.

@

2R

Fig. 10. TEM images of S. aureus in the (a) absence and (b) presence of AgNPs on two different scales.
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200 nm

Fig. 11. TEM images of K. pneumoniae in the (a) absence and (b) presence of AgNPs on two different scales.

using UV-Vis spectroscopy, HRTEM, fluorescence spectro-
photometer, FTIR, zeta potential, and cyclic voltammetry.
FTIR studies confirmed the role of polyhydroxy and phe-
nolic biomolecules in the bioreduction along with the cap-
ping and stabilizing of AgNPs. HRTEM images determined
the morphology of biosynthesized AgNPs. Zeta potential
measurements confirmed the high stability of our fabricated
nanoparticles. AgNPs antibacterial mechanism against clin-
ically isolated gram positive and gram negative bacteria
has been confirmed. Application of our fabricated AgNPs
in the treatment of sewage water makes these nanoparticles
a promising candidate to replace conventional methods.
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Supplementary information

Fig. Sla shows the UV-Vis spectra of AgNPs when vari-
ous concentrations of AgNO, solution reacted with 10 mL
H. tuberculatum extract. Increasing of AgNO, concentration
means more silver cations (Ag*) are progressively bioreduced
to (Ag’) as AgNPs. Absorption peak intensities are almost
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2 mM AgNOs
1 mM AgNO:
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independent for 3, 4, and 5 mM AgNO,, which means that
the reaction is about to reach the equilibrium point as the
bioreducing and stabilizing molecules are fully consumed. In
this case, it is unattainable to reduce Ag* any more. (b) shows
the UV-Vis spectra of AgNPs resulted from adding various
volumes of plant extract to AgNO, (3 mM) solution. Due to
increasing number of biosynthesized AgNPs, we can observe
the growth in absorbance with the increase of H. tubercula-
tum extract concentration. This could attribute to the avail-
ability of more bioreducing and stabilizing biomolecules.
Absorption peak intensities are almost independent for 17 and
20 mL plant extract, which can be ascribed to absence of Ag*
in the medium to be bioreduced. (c) displays the UV-Vis spec-
tra related to the kinetics of AgNPs biosynthesis recorded at
2-min intervals for the AgNPs sample resulted from adding
15 mL of plant extract and 100 mL of AgNO, (3 mM). The SPR
band intensities rise as the reaction time is extended up to
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Fig. S1. Effect of silver nitrate (a), plant extract volume (b), reaction time (c), pH (d), reaction temperature (e) on UV-Vis spectra.
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30 min. After that time, no cognizable variations in absorbance
were observed suggesting that the reaction is at equilibrium.
At a neutral medium, the reaction started simultaneously and
AgNPs formation was accomplished within 30 min. At acidic
pH, the yield of AgNPs was very low and the AgNPs sizes were
comparatively larger. At basic pH (7-10), AgNPs yield became
high. At pH 11, coagulation of AgNPs was realized. It could
be deduced from panel (d) that AgNPs yield increased from
pH 5 to pH 8, but the further rise of pH leads to reduction of
yield. This reduction may be resulted from increasing aggrega-

tions. Increasing the reaction temperature is accompanied with
rise in absorbance values, indicating the massive fabrication
of AgNPs. The SPR band intensities were improved upon ris-
ing in reaction temperature from 40°C to 60°C and afterwards
they were declined. According to the panel (e), increasing the
temperature higher than 60°C promoted the development of
the crystal surrounding the nucleus that may cause absorbance
drop.



