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ABSTRACT: Biogenically synthesized silver nanoparticles (AgNP) increase the [ of &
fascination over chemical ones due to their facile and green synthetic process. This A~ %
study reports the development of an eco-friendly and cost-effective synthesis of t
AgNPs using an aqueous extract of Citrus macroptera fruit peel, an agricultural waste, v
as a sole agent with both reducing and capping abilities. The formation of AgNPs \HZO
was verified by the surface plasmon resonance peak at 426 nm in the UV—vis [}
spectrum, X-ray diffraction pattern, and transmission electron micrography images.
The AgNPs obtained under the optimized conditions consist of face-centered cubic
crystals and spherical morphology with an average size of 11 nm. The AgNPs are
coated with phytochemicals in the C. macroptera fruit peel extract and are stably o
dispersible due to their negatively charged nature. The AgNPs effectively catalyzed

the reduction of 4-nitrophenol to 4-aminophenol and the degradation of methyl W\ /i
orange and methylene blue in the presence of sodium borohydride. This method

employing a fruit peel extract is facile, efficient, eco-friendly, and cost-effective and

has potential for industrial green fabrication of AgNPs.

v
Citrus macroptera Peels

1. INTRODUCTION and preclusion of cell culture maintenance, and as a result, it is
becoming popular.*’

AgNPs have been synthesized using aqueous extracts of
various plant sources including pomegranate peel,”” Cacumen
Platycladi,28 Breynia rhamnoides,” Capsicum annuum L,

Metal nanoparticles (MNPs) are interesting materials due to
their substantial impact in the broad area of nanoscience and
nanotechnology.' > The size, shape, composition, crystallinity,
and structure play pivotal roles in controlling the intrinsic

properties of these nanoscopic materials.’ As a significant Alpinia katsumadc;fl Viburnum Opulu§ L.,” Picea abies qui
member of MNPs, silver nanoparticles (AgNPs) have had a Thymbra spicata,” Ocimum sanctum,” Lonicera japonica,™
durable impact across a diverse ran§e of fields, including Ecklonia cava,37 Ekebergia CaP6”5i5;38 Abelmoschus esculentus
catalysis,”” sensing,“’g’10 medicine,'' ™" conversion of solar L,* rice husk* coffee bean," Cinnamomum camphora,*
energy, "> and coating.16 Spirulina platensis,*’ and Sorghum bran.**

A variety of methods have been imglemented for the In some cases, edible parts of plant sources are used as the
synthesis of AgNPs, such as chemical,'”'® electrochemical," precursors of biogenic synthesis of AgNPs causing competition
radiation,”**! photochemical,8 Langmuir—Blodgett,22 and with food. In contrast, among parts of plant sources,
biologica123_25 approaches. Among these methods, the bio- agricultural wastes such as peels, bark, and seeds are
logical approach is advantageous by the three essential green economically and ecologically alternative sources. Herein, we
elements, namely, environmentally desirable aqueous systems focused on the peels of Citrus macroptera (C. macroptera), a
without requiring organic solvents, r61aturally abundant semi-wild species in the Rutaceae family and the citrus genus,*
reducing and capping agents, and safety.”"”’ which has not been applied for the synthesis of AgNPs to the

Microorganisms and plant sources are mainly used as
reducing and capping agents in the synthesis of AgNPs through
a biological approach. The microorganism-based biogenic
synthesis produces intracellular and extracellular assemblies
containing stabilized NPs under ambient conditions without
any auxiliary capping agents.28 However, the acquiring process
of the NPs by intracellular synthesis is difficult, and
extracellular synthesis typically requires tedious procedures.”
In contrast, the plant-source-based biogenic synthesis is
advantageous in the simple handling procedures, scalability,

best of our knowledge. It is also known as Bengali hatkhora,
satkara, shatkora, hatxora, cabuyao, Melanesian papeda, or wild
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Scheme 1. Schematic of the Biogenic Synthesis of AgNPs Using Peel Extracts of C. macroptera Fruit

o

Citrus macroptera fruit peel
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o Phytochemicals capping . AgNPs

orange. C. macroptera is abundantly found in South and
Southeast Asia and South Pacific.*® In Bangladesh, C.
macroptera grows mostly in the courtyard of the houses and
hill tracts of the Sylhet division.”” The fruit of C. macroptera
possesses antioxidant, cytotoxic, antimicrobial, antihyperten-
sive, and antipyretic properties, and therefore, not only for
edible purpose but it has also been used for the treatment of
hypertension, stomach pain, and alimentary disorder.**' The
C. macroptera fruit contains various biologically active
compounds, e.g., f-carotene (ca. 0.22 mg/g), vitamin C (ca.
2.1 mg/g), polyphenols (ca. 0.23 mg gallic acid equivalent/g),
and flavonoids (total flavonoid = ca. 0.23 mg-rutin equivalent/
g) as major compounds with lesser amounts of tannins and
proteins.””** More specifically, its peels contain higher
amounts of these active molecules such as polyphenols (ca.
6.2 mg/g), flavonoids (ca. 5.1 mg/g), tannins (ca. 5.9 mg/g),
ascorbic acid (ca. 1.2 mg/g), and proteins (ca. 40 pg/g)."’
These compounds serving as antioxidants have the potential to
reduce Ag' to Ag’ and presumably realize a cost-effective
synthesis of AgNPs in large-scale production.

Organic pollutants, still released from different industries as
discharge effluents, are making negative impacts on environ-
ments, especially on water.””*’ These pollutants are harmful to
human and animal health because they can cause many
diseases including blood disorders, skin irritation, kidney and
liver damages, and central nervous system poisoning.”’ The
high stability of these compounds is the major challenge to
convert them to nontoxic products.”**>" Some nanocatalysts
have abilities to catalyze the degradation of these organic
pollutants by converting them into nontoxic colorless products
through an environmentally friendly process. As a green
application of AgNPs, catalytic degradation of organic
pollutants is widely investigated.*”>*~>*

In the current study, we utilized aqueous extracts of peel of
C. macroptera fruit discarded as an agricultural waste for
biogenic synthesis of AgNPs. The fruit peel effectively serves as
reducing and protecting agents without any auxiliary reagents
(Scheme 1). Characterization of the obtained AgNPs were
conducted by ultraviolet—visible (UV—vis) spectroscopy,
dynamic light scattering (DLS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDX), Fourier transform infrared (FTIR) spectroscopy, and
thermogravimetric analysis (TGA). Moreover, we evaluated
the catalytic effectiveness of the biogenically synthesized
AgNPs by examining the well-reputed 4-nitrophenol (4-NP)
reduction to 4-aminophenol (4-AP) and the degradation of
organic dyes, namely, methyl orange (MO) and methylene
blue (MB), in the presence of sodium borohydride.
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2. RESULTS AND DISCUSSION

The AgNPs were synthesized by reacting silver nitrate
(AgNO;) with the peel extract of C. macroptera at 60 °C for
30 min. The peel extract could act both as a reducing and
stabilizing agent. The reaction mixture turned yellowish orange
(the inset image in Figure 1). Figure 1 illustrates the UV—vis
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Figure 1. UV—vis spectrum of AgNPs obtained from AgNO; (2 mM,
40 mL) and the peel extract of C. macroptera (4 mL) at 60 °C with
optical images of reaction mixtures at the initial stage and after 30
min.

absorption spectrum of the resultant AgNPs. An obvious
absorption peak at 426 nm is assignable to a representative
surface plasmon resonance (SPR) band of AgNPs, which can
be observed between 380 nm and the micrometer range
depending on their size and shape, as reviewed by Anker et al.*

To propose a suitable synthetic process for the AgNPs, we
studied the effects of experimental conditions, namely,
temperature, plant extract concentration, AgNO; concentra-
tion, reaction time, and pH. Figure 2 shows the absorption
spectra of reaction mixtures obtained by the reaction of the
peel extract of C. macroptera and AgNO; at different
temperatures for 1 h. As the temperature increased, the
intensity of the SPR band increased, indicating the acceleration
of the reduction. Beyond 60 °C, a slight red shift of the SPR
band was observed in a similar manner to our previous work.>>
The aggregation of the AgNPs could be the reason behind the
red shift. The abovementioned result indicates that high-
quality AgNPs are obtained at 60 °C.

Figure 3 displays the UV—vis absorption spectra of the
reaction mixtures obtained from the reaction using various
amounts of the peel extract of C. macroptera and 2 mM
aqueous solution of AgNO; (40.0 mL) at 60 °C for 1 h. The
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Figure 2. Effect of temperature on absorption spectra of the reaction
mixture obtained by reaction of AgNO; (2 mM, 40 mL) and the peel
extract of C. macroptera (4 mL) (conditions: pH = 5.5 and 1 h).
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Figure 3. Effect of the amount of peel extract of C. macroptera (1—6
mL) on absorption spectra of the reaction mixture of AgNO; (2 mM,
40 mL) and the peel extract of C. macroptera (1—6 mL) (conditions:
pH = 5.5, 60 °C, and 1 h).

SPR band was observable in the spectra of the mixtures using
more than 2 mL of the extract, while it was unclear using 1 mL
of the plant extract. With the increase in the amount of the
plant extract, the intensity of the SPR band increased, and the
peak tops were shifted to longer wavelengths. The increased
intensity of the SPR band indicates the accelerated production
and growth of AgNPs, while the red shift originates from the
aggregation of AgNPs due to the speedy production and
growth of AgNPs in the presence of excess amounts of plant
extracts. Up to 4 mL of the plant extract, the red shift was
negligible. In contrast, the SPR band of the reaction mixture
obtained using 1 mL of the peel extract shows a strong
shoulder around 600 nm, suggesting that the insufficient
content of phytochemicals to cover the AgNPs resulted in the
aggregation. We accordingly considered that the 4 mL amount
of the peel extract is optimum.

We next investigated the effect of concentrations of AgNO;
solution. Figure 4 shows the UV—vis absorption spectra of the
reaction mixtures obtained from the reaction of the peel extract
of C. macroptera and AgNO; at 60 °C for 1 h using different
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Figure 4. Effect of concentration of AgNO;(1—5 mM, 40 mL) on the
absorption spectra of the reaction mixture of AgNO; (1—5 mM, 40
mL) and the peel extract of C. macroptera (4 mL) (conditions: pH =
5.5, 60 °C, and 1 h).

concentrations of AgNO; solution. The identical color change
was observed regardless of the concentrations of AgNO;. With
the increase in the concentration of AgNOs;, the SPR band
intensity increased, indicating the higher production rate of
AgNPs due to the presence of a sufficient amount of Ag".
However, above 3 mM, the SPR band was red-shifted probably
by the aggregation of AgNPs due to the excess formation of
Ag® toward the insufficient amounts of capping substances. On
the other hand, with the 2 mM solution, stable AgNPs with a
narrower absorption were formed in an identical concentration
with those obtained using higher amounts of Ag*. The mixture
obtained using the 1 mM solution of AgNO; exhibited a
broader absorption. Although the reason is unclear, too high
amounts of reducing agents in the peel extract toward Ag"
might lead to too fast reduction before sufficient capping in a
similar manner with the aforementioned broadening using too
high amounts of the peel extract. We accordingly determined
the optimum concentration of AgNO; to be 2 mM.

The time-dependent UV—vis absorption spectra of the
reaction mixtures obtained from the reaction of the peel extract
of C. macroptera (4.0 mL) and AgNO; solution (40.0 mL, 2
mM) at 60 °C are demonstrated in Figure 5. The intensity of
the SPR band increased over time, indicating the gradual
construction of AgNPs. The intensity progressed until 24 h,
while the increase in the absorption intensity became slow after
0.5 h. We regard that the reaction time is flexible in obtaining
the quality product and can be determined by considering the
balance of the yield desired and necessary time.

Figure 6 expresses the pH-dependent absorption spectra of
reaction mixtures obtained from the reaction of the peel extract
of C. macroptera (4 mL) and AgNO; (40 mL, 2 mM) at 60 °C
for 1 h. The pH was adjusted either with HCl or NaOH. The
presence of the visible absorptions for all the mixtures indicates
the formation of AgNPs under the examined pH conditions.
With the increase in pH, the intensity of the SPR band
increased, accompanying an increase in the intensity of the
shoulder at a longer wavelength region. The pH dependence of
the synthesis of the AgNPs with plant sources differs with the
plants. For example, acidic conditions are preferable for Pistia
stratiotes,”® but basic conditions are suitable for phycocyanin.®”
Although the reason is unclear, unstable dispersion of the
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Figure S. Time course of absorption spectra of the reaction mixture of
AgNO; (2 mM, 40 mL) and the peel extract of C. macroptera (4 mL)
(conditions: pH = 5.5 and 60 °C).
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Figure 6. Absorption spectra of the reaction mixture of AgNO; (2

mM, 40 mL) and the peel extract of C. macroptera (4 mL) with
different pH values (conditions: 60 °C and 1 h).

capping substances under higher pH conditions is a possible
factor, judging from the negative zeta potential of the AgNPs,
as described later. The initial pH of the mixture of the peel
extract of C. macroptera and AgNO; was approximately 5.5,
and AgNPs with good quality were obtained efficiently under
the aforementioned conditions without specific control of pH
by the addition of an acid or base. To avoid extra chemicals
and processes, the reaction only with the peel extract of C.
macroptera and AgNOj is more preferable than those with the
acid or base.

For these optimizations on the reaction conditions, the
AgNPs for further characterization were synthesized using 4
mL of the peel extract and 40 mL of 2 mM AgNO; solution at
60 °C for 24 h without the addition of other reagents.

2.1. Characterization of the Synthesized AgNPs. In
order to investigate the structure of the organic moieties
capping the surface of AgNPs, FTIR spectroscopic analysis was
conducted. Figure 7 represents the FTIR spectra of the solid
contents of the peel extracts and AgNPs. The broad peak at
3393 cm™' observed in both of the spectra was assigned to the
stretching vibrations of O—H and N—H bonds. In the
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Figure 7. FTIR spectra of the solid component of the peel extract of
C. macroptera and synthesized AgNPs obtained from AgNO; (2 mM,
40 mL) and the peel extract of C. macroptera (4 mL) at 60 °C for 24
h.

spectrum of AgNPs, a broad shoulder was observed at the
lower wavenumber region, which implies the construction of
hydrogen bonds through the O—H and N—H bonds within the
capping organic molecules and the surface of AgNPs. The
bands observed at 2915 and 2847 cm™' were associated with
the stretching of aliphatic C—H bonds. Signals were
unobservable around 3000 cm™}, indicating the negligible
contents of aromatic and alkenyl protons. A small signal at
1715 cm™! corresponds to the stretching vibration of C=0 in
carboxy and/or ester groups. The broad band at 1604 cm™ is
assignable to the stretching vibration of C=O in amide and/or
carboxylate moieties and C=C in terpenes, which are found in
C. macroptera and observed in the FTIR spectrum of the
extract.”® The bands observed at 1455, 1373, and 1046 cm™!
are assignable to C—H stretching of methyl groups, C—O—H
bending, and C—O stretching, respectively, which are
consistent with the plant-derived polysaccharides. These
FTIR spectroscopic data indicate that the capping substances
consist of amide and hydroxy groups and presumably
polysaccharides and carboxy, carboxylate, and/or ester
moieties.

The content of the organic moieties capping the AgNPs
surface was estimated by TGA (Figure 8). Two stages of
weight losses were observed. The first approximately 2%
weight loss below 130 °C originates from the evaporation of
physisorbed water on the AgNP surface. The second
approximately 16% of weight loss that took place at 200—

100

80 -

60

40 +

Residual weight (%)

20 +

0 t t t t t t
25 100 175 250 325 400 475

Temperature (°C)

Figure 8. TGA curve of AgNPs obtained from AgNO; (2 mM, 40
mL) and the peel extract of C. macroptera (4 mL) at 60 °C for 24 h.
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460 °C is correlated mainly with the degradation of the organic
moieties capped on the AgNP surface.

The elemental composition of the AgNPs was evaluated by
EDX spectroscopy. Figure 9 illustrates a representative EDX

800
700 -

600 -
O

0 2 4 6 8 10
Energy (keV)

Figure 9. EDX spectrum of AgNPs obtained from AgNO; (2 mM, 40
mL) and the peel extract of C. macroptera (4 mL) at 60 °C for 24 h.

spectrum of AgNPs. Strong signals of Ag (51%) are clearly
observable in the spectrum. Other signals of C (32%), O
(10%), and Cl (7%) can be attributed to the organic capping
layer. The significant intensity of the peaks indicates the
presence of a sufficient coating layer on the AgNPs.

Figure 10a shows the SEM image of the AgNPs biogenically
synthesized using the peel extract of C. macroptera. Almost

Figure 10. (a) SEM and (b,c) TEM images of AgNPs obtained from
AgNO; (2 mM, 40 mL) and the peel extract of C. macroptera (4 mL)
at 60 °C for 24 h.

spherical particles with homogeneous morphologies, assignable
to AgNPs, were observed. The particles are covered with
amorphous substances, assignable to the capping phytochem-
icals, which aggregate the particles. Figure 10b,c displays the
TEM images of AgNPs. The AgNPs are spherical and have an
average diameter of 11 nm. Clear lattice fringes are observable
in Figure 10c, and an interplanar spacing of 0.201 nm
corresponds to the Ag(200) plane.”****’

Figure 11 represents the XRD pattern of biogenically
synthesized AgNPs. Five distinct diffraction peaks were
observed at 20 = 32.41, 38.38, 46.35, 64.68, and 77.67°,
corresponding to the lattice planes of (101), (111), (200),
(220), and (311), respectively, in Ag(0) having the face-

(111)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 11. XRD pattern of AgNPs obtained from AgNO; (2 mM, 40
mL) and the peel extract of C. macroptera (4 mL) at 60 °C for 24 h.

centered cubic (fcc) structure (JCPDS file no. 84-0713 and 04-
0783). Scherrer’s formula was used to estimate the average size
of nanocrystallites. The formula is expressed as follows

D =ki/p cos O

where D is the mean size of crystalline domains, k is the
dimensionless shape constant (k = 1 for spherical domains),
is the X-ray wavelength (0.1541 nm), f is the full width at half-
maximum, and @ is the diffraction angle corresponding to the
lattice plane. The size was calculated to be 12 nm by applying
the peaks for the (101) and (220) lattice planes, complying
with the average sizes of AgNPs computed from the TEM
images. This XRD analysis endorses the hypothesis that single
crystallites construct the primary particles of AgNPs.

The pattern lacks diffraction peaks corresponding to oxides
but contains a few unassigned peaks (27.94, 44.27, 55.0S, and
57.55°) most likely from the organic coating with crystalline
phases, #5560

The DLS measurement was executed to obtain the
hydrodynamic size of biogenically synthesized AgNPs (Figure
12). An average hydrodynamic diameter (D}) of 92 nm with

12 1

10

©
|

Intensity (%)
(o]

0 bt . . . .
0 100 200 300 400 500 600
Diameter (nm)

Figure 12. DLS curve of AgNPs obtained from AgNO; (2 mM, 40
mL) and the peel extract of C. macroptera (4 mL) at 60 °C for 24 h.

the polydispersity index value 0.252 is larger than the size of
the primary particles observed in the TEM images due to the
hydrated layer consisting of swollen phytochemicals capping
the surface of the AgNPs similarly to previously reported
various AgNPs.*****° The single-modal DLS profile and D,
comparable to the size of the primary particles suggest that the
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nanosized AgNPs are dispersed mostly as single particles
without aggregation.

Zeta potential is one of the important indicators to speculate
the stability of MNPs. The zeta potential value of the AgNPs is
—20.8 mV, and this relatively negative value is an origin of the
excellent stability of the AgNPs by the electrostatic repulsion
between the particles. Carboxylate moieties are a plausible
source of the negative zeta potential and are contained in
anionic polysaccharides such as pectin contained commonly in
peels of citrus fruits. While complete dispersion stability by
electrostatic repulsion typically requires the zeta potentials of >
+30 or <—30 mV,*"** amphiphiles serving as surfactants may
compensate for the insufficient repulsive forces. Various
phytochemicals included are also amphiphilic,"”” and thus, a
high degree of stability of green synthesized AgNPs could be
achieved with zeta potential values not in the abovementioned
range.ﬁz’63

2.2, Catalytic Study. The catalytic activity of the
biogenically synthesized AgNPs was performed through the
reduction of 4-NP to 4-AP and the degradation of organic dyes
(MO and MB) in the presence of sodium borohydride as a
reductant.

2.3. Reduction of 4-Nitrophenol to 4-Aminophenol.
This reduction of 4-NP to 4-AP is a representative model
reaction for evaluating the catalytic performance of different
nanoparticles of metals including Ag, Au, Cu, Pt, and Pd.® The
catalytic reduction of 4-NP was monitored by consumption of
the 4-nitrophenolate anion (4, = 401 nm) through UV
spectrophotometry. In the first step, the 4-nitrophenolate
anion was formed upon the addition of a freshly prepared
aqueous NaBH, solution to aqueous 4-NP solution (4, =
317 nm). The characteristic absorption peak instantaneously
shifted from 317 to 401 nm accompanied by the change in the
color of the solution from light yellow to deep yellow.” The
advancement of the reduction can be monitored and accessed
by observing the decrease in the intensity of the absorption
peak of the 4-nitrophenolate anion at 401 nm with the
disappearance of the deep yellow color of the 4-nitrophenolate
anion. On the addition of the AgNPs, the deep yellow color
gradually disappeared, and the intensity of the absorption peak
at 401 nm successively decreased. A new peak appeared at 301
nm, and with time, the intensity of the absorption peak
increased (Figure 13), indicating the progress of the reduction
of 4-NP which was converted to 4-AP. The efficiency of the
reduction of 4-NP reached 99.7% within 6 min, which is
analogous to the reported catalysis using stable AgNP
dispersion having almost identical sizes.””>” In the absence
of AgNPs, the color and the characteristic absorption peak
remain unchanged even after 1 h of the reaction. Without
catalysts, the reduction of 4-NP using NaBH, is thermody-
namically feasible but kinetically forbidden.**'

2.4. Degradation of Organic Dyes. Next, degradation of
organic dyes by NaBH, in the presence of AgNPs was explored
as an additional model reaction using MO and MB. UV—vis
spectroscopy was employed to monitor and access the catalytic
degradation process. This reaction of NaBH, with MO and
MB also needs catalysts. Without the AgNPs, the colors of the
aqueous solution of dyes were retained over 1 h. When the
AgNPs were introduced to the reaction mixture, the reduction
of dyes occurred without delay as confirmed by the
decoloration of the solutions and the downfall in the intensity
of the characteristic absorption peaks. In the case of MO, the
solution turned colorless from orange, and meanwhile, the
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Figure 13. Optical images and time-dependent UV—visible spectra
for the catalytic reduction of 4-NP by NaBH, in the presence of
AgNPs. Conditions: [4-NP] = 22 ppm; [catalyst] = 50.1 mg/L;
[NaBH,] = 0.025 M; and temperature = 25 °C.

intensity of the absorption peak at 465 nm decreased. This
result clearly demonstrates the catalytic activity of the
biogenically synthesized AgNPs (Figure 14). MO was
quantitatively degraded in 6 min, and this catalytic ability is
comparable to that of reported stable AgNP dispersion with
almost identical sizes.”*
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Figure 14. Optical images and time-dependent UV—visible spectra
for the catalytic degradation of MO by NaBH, in the presence of
AgNPs. Conditions: [MO] = 15 ppm; [catalyst] = S0.1 mg/L;
[NaBH,] = 0.025 M; and temperature = 25 °C.

In the case of MB, the solution turned colorless from blue,
and the intensity of the characteristics absorption peak at 665
nm decreased, indicating the catalytic activity of the
synthesized AgNPs (Figure 15). The degradation took place
in 94.0% efliciency within 6 min, and this catalytic activity is
also comparable to that of reported fine AgNPs with almost
identical sizes.”"*’

The specific discoloration by degradation was confirmed by
the control experiments because the basicity by NaBH, may
also affect the color of the solutions. The control experiments
were conducted at a pH value of 13 using NaOH without
AgNPs and NaBH,. The color and characteristic absorption of
MO remained unchanged even after 2 h, indicating that pH
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Figure 15. Optical images and time-dependent UV—visible spectra
for the catalytic degradation of MB by NaBH, in the presence of
AgNPs. Conditions: [MO] = 10 ppm; [catalyst] = 50.1 mg/L;
[NaBH,] = 0.025 M; and temperature = 25 °C.

has no effect on the catalytic degradation of MO. However, the
color and absorption of MB changed, but the very low change
below 10% is ignorable.

3. CONCLUSIONS

The present study reported a green approach for the synthesis
of AgNPs using a peel extract of C. macroptera fruit. The
procedure is easy, rapid, cost-effective, and eco-friendly and did
not require any solvents or reagents except water. In addition,
the peel of C. macroptera are typically redundant parts, and
their use made this synthetic process highly advantageous. The
synthetic conditions were optimized using the SPR peak at 426
nm observed in the UV-—visible spectra as the index. The
AgNPs are spherical and crystalline and consist of the Ag core
of 11 nm in size as characterized by the XRD, SEM, TEM, and
EDX analyses. The biogenically synthesized AgNPs are capped
by phytochemicals stabilizing the dispersion by electrostatic
repulsion as confirmed by FTIR spectroscopy, TGA, and DLS
measurements. The AgNPs showed excellent catalytic perform-
ance toward the reduction of 4-NP to 4-AP and the
degradation of MO and MB by NaBH,. This approach is
efficient, inexpensive, eco-friendly, and facile and thus has a
high probability for industrial applications. This method
employing a fruit peel for AgNPs will also be available for
efficient utilization of other citrus wastes and possibly
applicable to synthesis of other MNPs.

4. EXPERIMENTAL SECTION

4.1. Preparation of the Plant Extract. Fresh satkara fruit
(C. macroptera) was collected from Bandar Bazar, Sylhet,
Bangladesh. The fruit was repeatedly washed with deionized
distilled water (DDW). The greenish peel of the fruit was
separated and cut into small pieces. The peels (approximately
30 g) and DDW (100 mL) were added in a reaction flask, and
then, the mixture was boiled for 10 min. The boiled mixture
was cooled down to ambient temperature. The extract was
collected by filtration using a filter paper followed by
centrifugation at 13,000 rpm. Finally, the extract was preserved
in a refrigerator at 4 °C for subsequent use.

4.2. Materials. AgNO; was purchased from Merck KGaA
(Darmstadt, Germany). 4-NP was obtained from Tokyo

Chemical Industry Co. Ltd. (Tokyo, Japan). MO, MB, and
sodium borohydride were obtained from Kanto Chemical Co.
Inc. (Tokyo, Japan). DDW was used throughout the study. All
the reagents were used without further purification.

4.3. Measurements. UV—vis spectroscopic analysis was
carried out on JASCO (Tokyo, Japan) V-730 series and DR
5000 (HACH, Colorado, USA) spectrometers (resolution = 1
nm and measurement range = 200—800 nm). Quartz cuvettes
(height = 4 cm and optical path length = 1 cm) were used. The
hydrodynamic size and zeta potential were measured through
DLS analysis conducted on a Malvern (Malvern, UK)
Zetasizer Nano ZS instrument. FTIR spectra were recorded
on a JASCO (Tokyo, Japan) FT/IR-460 plus spectrometer
using KBr pellets with a scan rate of 4 cm™' s™' approximately
at 25 °C. SEM measurements were conducted on a Hitachi
(Tokyo, Japan) SU-8000 microscope at accelerating voltages
of 10 and 1S5 kV. EDX analysis was conducted on a JEOL
(Tokyo, Japan) JSM-6510A analytical scanning electron
microscope. TEM measurements were conducted on a JEOL
(Tokyo, Japan) TEM-2100F field emission electron micro-
scope. XRD analysis was conducted on a Rigaku (Tokyo,
Japan) MiniFlex 600 diffractometer with Cu Ka radiation.
TGA was carried out on a Seiko Instruments (Tokyo, Japan)
TG/DTA 6200 (EXSTER6000) at a heating rate of 10 °C
min~! under N,.

4.4. Biogenic Synthesis of AgNPs. AgNO; was dissolved
in DDW (2 mM, 100 mL) in a volumetric flask before use, and
the volumetric flask was covered with carbon paper in order to
prevent the autoxidation of silver. The aqueous peel extract of
C. macroptera (4 mL) and the freshly prepared AgNO; aq (2
mM, 40 mL) were sequentially added to a conical flask. The
mixture was stirred in an oil bath at 60 °C for 30 min with a
constant stirring rate. The color of the solution changed from
colorless to yellowish orange with the progress of the reaction.
The resulting suspension was preserved at ambient temper-
ature for 24 h. The synthesized AgNPs were collected from the
reaction mixture through centrifugation at 13,000 rpm for 30
min followed by thorough washing with DDW four times to
remove impurities.

4.5. Catalytic Reduction of 4-Nitrophenol to 4-
Aminophenol. Aqueous solutions of 0.025 M NaBH, and
22 ppm 4-NP were used in this catalytic reduction process, and
the solutions were stored in a refrigerator at 4 °C before use.
The solutions of 4-NP (1.5 mL), NaBH, (1.5 mL), and
colloidal suspension of AgNPs (50.1 mg/L, 200 uL) were
mixed in a quartz cuvette to execute the catalytic reduction of
4-NP. The time-dependent decay of 4-NP was monitored by
the UV—vis absorbance at 401 nm. The identical procedure
was employed to execute the control experiment without
AgNPs.

4.6. Degradation of MO and MB. The degradation
reactions were conducted by mixing an aqueous solution of
MO (15 ppm, 2.5 mL) or MB (10 ppm, 3 mL) and NaBH,
(0.025 M, 1 mL) with the colloidal suspension of AgNPs (50.1
mg/L, 100 uL) in a quartz cuvette. The time-dependent decay
of MO and MB was monitored by UV—vis absorbance at 465
and 665 nm, respectively. In both cases, an identical procedure
was employed to execute the control experiment without
AgNPs.
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