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Abstract

The plant material–mediated synthesis of silver nanoparticles (AgNPs) has drawn considerable attention because of its green nature and
cost-effectiveness. Herein, we prepared AgNPs using Zanthoxylum fagara L. Sarg. leaf extract at different temperatures (50, 60, 70, and
80 °C) and investigated their structural, morphological, and photocatalytic properties using ultraviolet–visible (UV–Vis) spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM), and scanning electron mi-
croscopy (SEM). Photocatalytic performance was quantified in terms of methylene blue (MB) removal efficiency under irradiation (5–60
min). AgNPs synthesized at 70 °C exhibited the highest apparent removal efficiency after 60 min. UV–Vis measurements indicated that
the apparent MB removal was due to decolorization and not absolute mineralization. This process was termed apparent degradation.
Our findings imply that the synthesized AgNPs are well suited for dye decolorization in aqueous media. FTIR spectroscopy revealed
the presence of AgNP-stabilizing functional groups. XRD analysis showed that AgNPs were crystalline in nature, and AFM and SEM
showed that the spherical-shaped AgNPs and average diameter of the nanoparticles increased with increasing temperature. Our results
show that Zanthoxylum fagara L. Sarg. leaf extract is an efficient reducing and stabilizing agent for AgNP production and reveals the
important role of temperature in regulating the nanoparticle size and morphology, which directly influence photocatalytic behavior. Al-
though AgNPs showed good prospects for environmental remediation practices, their quantum efficiency, extent of mineralization, and
reusability were not explored and should be examined in the future to further consider environmental applicability.
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1. Introduction
Recent global estimates of nanotechnology mar-

kets show that silver nanoparticles (AgNPs) are among
the fastest-growing classes of engineered nanomaterials,
largely because of their broad technological, environmen-
tal, and biomedical applications [1]. Silver nanoparticles
are typically defined as metallic silver structures with at
least one dimension smaller than 100 nm, a scale at which
their physicochemical behavior differs significantly from
that of bulk silver due to the intense quantum size effects
and high surface-to-volume ratio observed in this regime
[2]. It is precisely this nanoscale regime in which the new
optical, catalytic, and biological properties emerge in Ag-
NPs that make them useful in the current antimicrobial sys-
tems (plasmonic) sensing technologies, water remediation
technology, and photocatalytic degradation technology [3].
Generally, it is possible to distinguish between two types
of methods used in the synthesis of silver nanoparticles.
There are top-down physical and bottom-up chemical and
biological reduction approaches [4]. Top-down physical
methods include laser ablation [5], thermal evaporation [6],
arc discharge, and mechanical milling. Such processes in-
volve complex equipment, whether with high energy input

or costly operating conditions [7]. The chemical or bio-
logical reductions that represent bottom-up strategies in-
clude primarily silver ions, which are reduced to metallic
Ag0 atoms [8], which then further nucleate and develop
into nanosized clusters stabilized by various capping agents
[9]. Although classical chemical reduction routes, includ-
ing citrate reduction (Turkevich method), borohydride re-
duction [10], and Tollens’ reaction, provide controllability,
they involve hazardous reagents with potential environmen-
tal risks and pose challenges in biocompatibility [11].

Green synthesis has emerged due to the inadequacy
of traditional physical and chemical methodologies [12].
Therefore, green synthesis, or the reduction and stabiliza-
tion of metal ions by biological systems such as bacteria
[13], fungi, algae, and plants, mainly under mild conditions,
which are inexpensive as well as friendly to the environ-
ment, has been defined [14]. The extreme interest in plant-
mediated synthesis is justified by the fact that botanical
extracts contain a high diversity of biomolecules, includ-
ing polyphenols, flavonoids, alkaloids, terpenoids, pheno-
lic acids, vitamins, and antioxidants [15], which may act
naturally and synergistically as reducing, capping, and sta-
bilizing agents [16]. Many studies have reported multifunc-
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tional catalytic [17], antimicrobial [18], and environmental
pollutant removal [19] relevant properties of morphologi-
cally controlled highly stable colloidal plant-derived Ag-
NPs [20].

Zanthoxylum fagara L. Sarg. is rich in phenolic com-
pounds, alkaloids, essential oils, and antioxidants. It has
recently been identified as a potential medicinal plant for
the green synthesis of metallic nanoparticles with strong
bioreductive properties [21]. The phytochemical richness
of Zanthoxylum fagara L. Sarg. implies its high potential
to facilitate the rapid reduction of Ag+ ions while stabilizing
the formed nanostructures by surface passivation. There are
very few reports on silver nanoparticles synthesized using
Zanthoxylum fagara L. Sarg. extract (Zf-AgNPs), and none
have reported their catalytic activity in the photocatalytic
degradation of organic pollutants, in which large areas re-
main unexplored [22].

Dye pollutants from the textile, paper, pharmaceuti-
cal, food, and plastic industries are persistent contaminants
in aquatic environments because of their toxicity, chemi-
cal stability, and resistance to biodegradation [23]. An ad-
vanced yet sustainablemethod for dye remediation is photo-
catalytic degradation, in which AgNPs act as efficient cat-
alysts through their surface plasmon resonance (SPR) ef-
fect, which enhances electron–hole separation, with conse-
quent reactive oxygen species capable of mineralizing dye
molecules [24]. With a global interest in eco-engineered
nanomaterials for wastewater treatment, an assessment of
the photocatalytic efficiency of Zanthoxylum fagara L.
Sarg.-derived AgNPs introduces both scientific and envi-
ronmental values. Therefore, this study involves the green
synthesis of silver nanoparticles from an aqueous extract of
Zanthoxylum fagara L. Sarg. and a detailed structural, op-
tical, and morphological characterization besides reporting
for the first time the catalytic pathways in detail; degrada-
tion kinetics; environmental applications as well as poten-
tial application wherein photocatalytic activity against an
organic model dye by newly synthesized AgNPs has been
explored. The limited research that has been conducted on
Zanthoxylum fagara L. Sarg. extracts in the nanoparticle
synthesis process and its possible application in photocat-
alytic dye degradation has not been performed in depth.

2. Materials and Methods
Fresh leaves of Zanthoxylum fagara L. Sarg. were ob-

tained from a cultivated farm in a city known as Hit, Anbar
Governorate, Iraq. Plant material was thoroughly washed
with distilled water to remove surface impurities and dried
at room temperature before use. All experiments were con-
ducted using analytical-grade silver nitrate (AgNO3, purity
99%, Lot No. SLCD9485, Sigma Aldrich, St. Louis, MO,
USA) and deionized water without additional purification.
The chemicals used in this study were of high purity and
were used as received.

Laith Saleh Alhiti (Department of Medical Physics,
College of Applied Sciences -Hit, University of Anbar, An-

bar Governorate, Iraq) provided the data for the experiment
and study design.

2.1 Preparation of Plant Extract
The extraction conditions in this study were chosen

based on the aqueous extraction conditions usually reported
for the synthesis of plant-mediated nanoparticles. The
solid-to-liquid ratio (3 g fresh leaves in 100 mL of distilled
water) was set to guarantee adequate extraction of water-
soluble phytochemicals, including polyphenols, flavonoids,
alkaloids, and proteins, which are reported to be involved in
the reduction and stabilization of metal nanoparticles [25].
Extraction temperatures in the range of extraction tempera-
tures (70–80 °C) was used to maximize the release of bioac-
tive compounds in plant tissues and reduce the potential for
degradation of the bioactive compounds by heating. The
extract was then stored at a low temperature (approximately
3 °C) after filtration to reduce enzymatic action and main-
tain the stability of the phytochemical components before
the preparation of nanoparticles. Such extraction conditions
have been extensively employed in earlier experiments in
which plant-mediated syntheses of metallic nanoparticles
were performed under the same conditions, as shown in Fig.
1 [26].

2.2 Preparation of Silver Nanoparticles (AgNPs)
Silver nanoparticles were produced at different tem-

peratures. To determine how temperature affects the devel-
opment of silver nanoparticles, a one-factor-at-a-time study
was performed, in which the temperature was manipulated,
and other parameters of the synthesis process, such as the
concentration of silver nitrate, extract volume, and reac-
tion time, were held constant. This approach was used to
separate the influence of temperature on the reduction dy-
namics of Ag+ ions and the nucleation and growth mecha-
nisms of AgNPs. To ensure the consistency of the exper-
iment and better understand the impact of each parameter,
it is a widespread practice in research on the synthesis of
nanoparticles using plants to keep the reaction conditions
constant.

Once the plant extract was made, 2 mL of the solution
was transferred into 18 mL of a solution of 1 mM silver ni-
trate and stirred. The solution was stirred at 500 rpm and
left to stand at reaction temperatures of 50, 60, 70, and 80
°C for 30 min. After 20 min of adding the leaf extract of
a plant named Zanthoxylum fagara L. Sarg. The solution
turned pale yellow, which slowly changed to a dark hue,
indicating the rapid development of AgNPs. The mixture
was left on a magnetic stirrer for 45 min, as shown in Fig.
2. The sample was then purified by centrifugation using
a centrifuge at 5000 rpm for 30 min. The resulting Ag-
NPs were centrifuged thrice. The precipitate of the silver
nanoparticles was placed in clean glass vials. This process
was repeated at 50, 60, 70, and 80 °C [27].
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Fig. 1. Method of preparing the aqueous plant extract of Zanthoxylum fagara L. Sarg. leaves.

3. Results
3.1 Ultraviolet–Visible Spectroscopy (UV–Vis)

The UV–Vis (UV-1900i, Shimadzu C., Kyoto, Japan.
College of Applied Sciences - Hit / University of Anbar,
Iraq) extinction spectra of the colloidal Ag nanoparticles
synthesized at 50, 60, 70, and 80 °C exhibit a single, well-
defined localized surface plasmon resonance (LSPR) band
[28] with maxima at 415, 418, 420, and 422 nm, respec-
tively, and peak absorbances of 1.35, 1.60, 1.80, and 2.45
a.u, as shown in Figs. 3,4. The LSPR band progres-
sively red shifts and increases in intensity with increas-
ing synthesis temperature; the highest-temperature sample
(80 °C) also shows a modest increase in full width at half-
maximum (FWHM) and a raised baseline at short wave-
lengths [29,30].

The observed LSPR behavior is consistent with
temperature-dependent changes in the nanoparticle phys-
ical parameters that govern the plasmon resonance [31],
particle size, size distribution (polydispersity), interparti-
cle coupling (aggregation), and local dielectric environment
[32]. A red-shift of the dipolar plasmon peak (Δλ ≈ 7 nm,

from 50→ 80 °C) together with an increase in extinction is
most readily explained by an increase in the characteristic
particle dimension and/or the formation of small aggregates
at higher synthesis temperatures. For silver nanoparticles,
an increase in the mean diameter produces a longer wave-
length plasmon owing to retardation and multipolar contri-
butions, yielding a larger extinction cross-section per par-
ticle. Partial aggregation or reduced interparticle spacing
produces plasmon coupling, which red-shifts and broadens
the resonance. The modest broadening of the band at 80 °C
further indicates increased polydispersity or the appearance
of nonspherical (anisotropic) morphologies, which intro-
duce additional plasmon modes and inhomogeneous broad-
ening [32].

3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to detect the presence of functional
groups in the plant extract and to identify the molecu-
lar species that reduced and stabilized AgNPs [33]. The
FTIR spectra of the crude extract and biosynthesized Ag-
NPs showed several discrete vibrational bands that pro-
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Fig. 2. Silver nanoparticle solution synthesized by the green method at, 50 °C, 60 °C, 70 °C, 80 °C.

vided information on the chemical changes that occurred
during the formation of the nanoparticles [34]. FTIR spec-
troscopy is a well-known method used to identify the char-
acteristic vibrational bands of phytochemicals, such as hy-
droxyl, carbonyl, amine, and phenolic groups, which are
present in the plant medium used for the production ofmetal
nanoparticles in green synthesis [35]. These functional
groups are generally present in plant-derived compounds,
such as polyphenols, flavonoids, alkaloids, and proteins,
and are known to be natural reducing and capping groups
in nanoparticle formation. Thus, the mechanistic explana-
tion of the present study rests on the recognition of these
functional groups using FTIR spectra and their previously
known functions in the literature, as opposed to the descrip-
tion of chromatographic profiling of the plant extract. This
strategy has gained popularity in various studies that exam-
ine the synthesis of metallic nanoparticles using plants [36].

In the FTIR spectrum of the plant extract, charac-
teristic absorption bands were observed at approximately
560, 1127, and 1620 cm–1, as shown in Fig. 5. The
band at approximately 560 cm–1 is normally attributed to
the out-of-plane bending vibrations of aromatic rings or
metal-oxygen bond straight stretching of foreign chem-
ical residues. The Observed C–O–C and C–O stretch-
ing vibrations were at 1127 cm–1, which are indicative
of polysaccharides, flavonoids and other oxygenated vital
constituents. The peak at 1620 cm–1 is sharp andmay repre-
sent the C=O functional group of amides or C=C functional
group of aromatics and indicates that proteins, polyphe-
nols, and other reducing agents might be present which
may undergo an oxidation process [37]. When AgNPs

were formed, significant spectral variations were observed.
The FTIR spectrum of the AgNPs exhibited a character-
istic absorption band at 3450 cm–1 (O–H stretching vibra-
tion), indicating a high level of interaction with compounds
containing OH, thus showing that the hydroxyl-containing
compounds may have a significant role in stabilizing the
nanoparticles. The relationship and changing intensity of
this broad H–O peak between the extract and AgNPs in-
dicate hydrogen bonding between the nanoparticle surface
and capping biomolecules. Meanwhile, the bands that were
initially at 1127 cm–1 and 1620 cm–1 showed slight changes
and lower intensity, which indicates that the following func-
tional groups were actively involved in the reduction of Ag+
ions to Ag0 and then absorbed on the surface of the nanopar-
ticle. The loss or reduction in the intensity of some peaks
of the plant extract in the AgNP spectrum indicates that
phytochemicals were consumed, oxidized, or their struc-
ture was altered during nanoparticle preparation. Specif-
ically, polyphenols, flavonoids, and proteinaceous com-
pounds have been reported to donate electrons to silver ions,
and the recorded changes in the spectral alterations substan-
tiate their bifunctional role as reducing and capping agents.
The remaining features in the AgNP spectrum ensure that
these biomolecules are still attached to the nanoparticle sur-
face, which sterically and electrostatically stabilizes them
against aggregation [38].

3.3 X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns of the prepared
silver nanoparticles (AgNPs) indicate four major diffrac-
tion peaks at 2θ ≈ 38.1°, 44.3°, 64.5°, and 77.4°, which
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Fig. 3. Ultraviolet and visible absorption spectra image of silver nanoparticles, 50 °C, 60 °C, 70 °C, 80 °C.

can be indexed as (111), (200), (220), and (311) crystallo-
graphic planes of face-centered cubic (FCC) metallic silver,
as shown in Fig. 6. These diffraction characteristics are
perfectly in line with the standard JCPDS reference for Ag,
which demonstrates the successful production of crystalline
metallic silver with no trace of secondary phases. The ab-
sence of further strong reflections related to common silver
oxides (Ag2O or AgO) also indicates the purity of the ob-
tained nanoparticles. There is a strong tendency towards
the growth in the sharpness and intensity of the peaks as
the synthesis temperature increases to 80 °C. The higher
the temperature of the sample, the narrower the width of
the peak and the more intense the reflections, which indi-
cate that the crystals are more ordered and there are fewer
imperfections in the lattice. This tendency is in line with
thermally enhanced crystal growth, in which higher temper-
atures supply the crystal with sufficient energy to improve
the atomic arrangement in the metallic lattice [39].

The Scherrer equation [40] was used to estimate the
crystallite size based on the most significant reflections of
the major (111), (200), (220), and (311) [27]. The the-
oretical crystallite diameters increased regularly with the
synthesis temperature. At 60 °C, the crystallite size val-

ues fall within the lower nanometer range, whereas sam-
ples prepared at 70 and 80 °C show progressively larger
crystalline domains [41]. The considerable growth in the
calculated crystallite size at the temperature range of 70–80
°C (Table 1) is due to the increased crystal growth processes
thermally catalyzed during the formation of nanoparticles.
The movement of silver atoms and clusters within the reac-
tion medium at high temperatures becomes even greater,
thus enhancing the diffusion of the atoms and the merg-
ing of smaller crystallites into larger ones. This is usually
associated with thermally driven crystal growth and Ost-
wald ripening, where smaller crystal structures dissolve and
reappear on larger crystal structures, leading to a reduction
in the surface energy and the formation of more thermo-
dynamically stable structures. Consequently, higher syn-
thesis temperatures favored the faster formation of crystal-
lites and higher crystallinity of AgNPs. It is also neces-
sary to mention that the crystallite sizes calculated using the
Debye-Scherrer equation are approximate values obtained
with reference to the peak broadening of the X-ray diffrac-
tion patterns. The computed sizes can contain both contri-
butions of the instrumental broadening and microstrain ef-
fects, which were not further decoupled in the given study.
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Fig. 4. A diagram illustrating the absorbance intensity of silver nanoparticles, 50 °C, 60 °C, 70 °C, 80 °C.

As such, the crystallite sizes reported are supposed to be
taken as rough measures of crystallite growth rates, and not
the actual dimensions of the particles. However, the sys-
tematic sharpening and enhancement of the intensity with
increasing temperature are good indicators of the presence
of temperature-dependent crystallite growth in the synthe-
sized AgNPs [42,43].

Table 1 shows the approximate size of the crystallites
as determined by broadening the peaks and provides a rel-
ative tendency with the synthesis temperature.

3.4 Atomic Force Microscopy (AFM)

The surface topography, morphology of the particles,
and size distribution of the biosynthesizedAgNPs deposited
as thin films were analyzed using atomic force microscopy
(AFM). Fig. 7 shows the representative 3D topographic
images and the corresponding particle size histograms of
the samples prepared at 70 °C and 80 °C. According to the
analysis of the images (Table 2), the main particle sizes in
the 70 °C sample were 80–90 nm, and in the 80 °C sample

Table 1. Measurement of AgNPs size using the
Debye-Scherrer’s equation.

T (°C) 2θ (deg) (hkl) C.S D (nm) Intensity (a.u.)

60

38.1 111 16.809 16.8 ± 1.5 98.72
44.3 200 17.155 17.1 ± 1.5 64.20
64.5 220 18.809 18.8 ± 1.6 35.41
77.4 311 20.454 20.4 ± 1.7 25.06

70

38.6 111 33.618 33.6 ± 2.3 204.66
44.8 200 34.310 34.3 ± 2.3 170.13
65.0 220 37.618 37.6 ± 2.5 141.34
77.9 311 40.908 40.9 ± 2.7 130.99

80

38.9 111 84.045 84.0 ± 5 310.59
45.1 200 86.019 86.0 ± 5 276.07
65.3 220 94.352 94.3 ± 6 247.28
78.2 311 102.369 102.3 ± 2.7 236.93

AgNPs, silver nanoparticles; C.S, crystallite size; hkl, Miller in-
dices.
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Fig. 5. FTIR images of silver nanoparticles, Zanthoxylum fagara L. Sarg. leaf extract.

were 93–97 nm (mean diameters of the samples were 85 and
95, respectively). The height maps of the AFM showed a
high density of particles, which were roughly hemispherical
nanoparticles; that is, there were not long or highly faceted
crystals, but discrete protuberances.

Table 2. Surface roughness rate average diameter of the
AgNPs.

Sample D (nm) Roughness average (nm) R.M.S (nm)

70 °C 80–90 7.24 16.34
80 °C 93–97 4.45 14.51
R.M.S, root mean square.

The quantitative surface roughness parameters mea-
sured from the AFM scans revealed that the surface tex-
ture changed with the synthesis temperature. The arith-
metic average roughness (Ra) value decreased to 7.24 nm
(70 °C) and 4.45 nm (80 °C), and the root-mean-square
roughness (RMS, Rq) decreased to 16.34 nm and 14.51

nm, respectively. The concomitant growth of the average
particle diameter with the reduction in Ra indicates ther-
mally driven particle development and surface rearrange-
ment. The Coarsening of particles (increased mobility of
atoms and ions and Ostwald ripening) at elevated synthesis
temperatures favors the development of larger, albeit more
uniformly distributed surface features that reduce the mean
absolute deviation in height (Ra). The slight decrease in
RMS compared to Ra suggests that despite the fact that the
surface acquires, on average, a smoother appearance, some
of the topographic features with high amplitude (taller par-
ticles or small agglomerates) maintain a relatively high Rq
value [44].

The particle sizes determined by XRD are usually
smaller than the particle size because crystallite sizes can-
not be compared to the AFM particle size. XRD was
used to measure coherently diffracting crystalline domains,
whereas AFM was used to measure the entire topograph-
ical dimension of nanoparticles, both aggregates and laid
on surfaces of phytochemicals. This tends to cause larger
apparent particle sizes in AFMwithout a corresponding de-
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Fig. 6. XRD images of silver nanoparticles, 60 °C, 70 °C, 80 °C.

crease in crystallite sizes derived from XRD, which is of-
ten observed with green-synthesized metallic nanoparticles
[45].

3.5 Scanning Electron Microscope (SEM)

The SEM micrographs presented in Fig. 8 (samples
A and B) illustrate the morphological characteristics of Ag
nanoparticles synthesized using the aqueous leaf extract of
Zanthoxylum fagara L. Sarg. under different reaction tem-
peratures (70 and 80 °C) at a constant reaction time of 45
min. The images prove that temperature is an important fac-
tor in controlling the size of nanoparticles, their uniformity,
and the level of agglomeration.

The sample was taken at 70 °C, as shown in Fig. 8A,
and the nanoparticles were mainly spherical and slightly ir-
regular in shape with a fairly broad size distribution. This
low reaction temperature results in slower nucleation ki-
netics, facilitating the development of nanoparticles of dif-
ferent sizes. Moderate aggregation was observed, proba-
bly because the reduction of Ag+ ions by phytochemicals
was not complete, and the stabilization capacity of phyto-

chemicals at this temperature was limited [46]. A signifi-
cant change in the uniformity of the particles was observed
in Fig. 8B at 80 °C. The nanoparticles had a more defi-
nite spherical morphology with less variability in size. In-
creased kinetic energy accelerates the nucleation process at
this temperature but allows for controlled growth, which
creates a more homogeneous dispersion. The agglomera-
tion level was lower than that in sample A, indicating that
the plant-derived biomolecules better capped the nanopar-
ticles, as the plant-derived biomolecules do. This analysis
using SEM indicated that the temperature of the synthesis
had a strong effect on the morphology and dispersion of the
biosynthesized Ag nanoparticles [47].

3.6 Photocatalytic Degradation of Methylene Blue

A rapid reduction in the characteristic absorption peak
of methylene blue (MB) at 660 nm was observed with irra-
diation time (5 to 60 min) in the presence of biosynthesized
Zanthoxylum fagara L. Sarg. nanoparticles. A high con-
centration of MB molecules produces a strong and distinct
absorption band during photocatalytic activity, which grad-
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Fig. 7. AFM images of AgNPs. (A) 70 °C, (B) 80 °C.

Fig. 8. SEM images of AgNPs shape, size, and distribution. (A) 70 °C, (B) 80 °C. Scale bar = 200 nm.

ually diminishes with continued light irradiation upon fur-
ther irradiation (after 10–20 min), indicating partial degra-
dation that can be easily observed through its decreasing
intensity [48]. When the irradiation time is longer (25–45

min), there is a strong suppression of the absorption peak,
which is known to be a result of the increased photocat-
alytic performance of the nanoparticles due to the effec-
tive creation of electron–hole pairs on the surface of the
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Fig. 9. Photocatalytic degradation of solutions containing methylene blue via silver nanoparticles. (A) Extinction spectra of degra-
dation of MB with AgNPs. (B) Degradation kinetics.

nanoparticles. These charge carriers undergo redox reac-
tions, leading to the formation and aggressive attack of MB
dye molecules in the decomposition of redox species, such
as hydroxyl radicals and superoxide ions. At additional ir-
radiation times above 45 min, a small remnant peak was
obtained, indicating that most of the dye molecules had ox-
idatively broken down. This is evidenced by the fact that
the absorption band is significantly reduced by 60 min, in-
dicating the high photocatalytic efficiency of Zanthoxylum
fagara L. Sarg. nanoparticles, in which most of the MB
molecules are destroyed, as shown in Fig. 9 [49]. Recent
research has highlighted the need to test photocatalysis sys-
tems under realistic environmental conditions to determine
their feasibility in a more effective way. The next step in
this research should be to investigate the stability, recycla-
bility, and activity of catalysts in a complex wastewater ma-
trix to more accurately assess the environmental viability of
this system [50].

This activity is evidence of the high level of inter-
action between dye molecules and phytogenic nanoparti-
cles because of their nanoscale size, high surface area, and
plant-based functional groups that serve as electron medi-
ators present on them. This phenomenon is characterized
by a continuously decreasing spectral decay curve of an ef-
fective mineralization path, indicating that the biosynthe-
sized nanoparticles are effective under experimental con-
ditions. In general, the catalytic activity of nanoparticle-
based systems is pre-evaluated by monitoring the photocat-
alytic degradation of organic dyes by measuring the change
in UV–Vis spectroscopy. However, recent research has
indicated that photocatalytic reactions cannot be fully as-
sessed without additional analyses, such as the determina-
tion of the nature of intermediates, experiments to trap reac-
tive oxygen species (ROS), and mineralization (e.g., TOC
analysis) [49].

Although the present results show that the biosynthe-
sized Ag nanoparticles have good photocatalytic potential
for the degradation of methylene blue, certain feasible as-
pects should be considered. The experiments in controlled
laboratory settings using a model dye solution, which is not
always reflective of actual wastewater systems. Although
the green approach of synthesis using plant extracts would
reduce the number of toxic reagents used, the overall sus-
tainability analysis would entail further analyses such as
the reusability of the catalysts, toxicity, and life cycle anal-
ysis. Recent studies have emphasized that photocatalysis
systems should be tested in real environments to determine
their feasibility. The second move in this study should be to
examine the stability, recyclability, and activity of catalysts
in a complicated wastewater mixture to better determine the
environmental friendliness of this system [51].

4. Discussion
The results indicated that the synthesized AgNPs ex-

hibited significant photocatalytic activity for dye degrada-
tion. The higher activity can be ascribed to the small size
and large surface area of the prepared nanoparticles, which
allowed an increased number of active surface sites for the
photocatalytic process. Furthermore, the phytochemical
components from the plant extract might have played a role
in protecting the AgNPs and enhancing the charge separa-
tion efficiency during the photocatalytic process.

The UV–Vis and structural characterization results
indicated the successful preparation of crystalline AgNPs
with good dispersion. The optical performance was re-
lated to the surface plasmon resonance (SPR) phenomenon,
which is essential for improving light absorptivity and pho-
tocatalytic activity. In addition, the method applied here is
also beneficial over other established chemical preparation
methods, as it is environmentally friendly.
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These biosynthesized AgNPs solutions have compet-
itive dye removal efficiency with the previously reported
studies under relatively simple preparation conditions.
Green synthesis approaches can provide cost-effective and
sustainable nanomaterials for wastewater treatment appli-
cations.

Limitations

The synthesized AgNPs showed good photocatalytic
activity for the removal of dyes, but there were some
shortcomings. The present study concentrated mainly on
the efficiency of apparent decolorization without studying
complete mineralization and identification of intermediate
degradation products. Furthermore, the long-term stabil-
ity and the recyclability of the nanoparticles that were syn-
thesized were not explored. Future studies should, there-
fore, focus on the quantum efficiency, reusability, and real
wastewater applicability, further confirming the environ-
mental potential.

5. Conclusions
Agreenmethod for synthesizingAg nanoparticles was

performed using Zanthoxylum fagara L. Sarg. through the
use of Zanthoxylum fagaraL. Sarg. leaf extracts at different
temperatures. Characterization suggested that larger, less
homogeneous, and highly crystalline nanoparticles with
better surface properties were preferentially accumulated
with an increase in the synthesis temperature. Such struc-
tural improvements were connected to the increased effi-
ciency of photocatalytic degradation of methylene blue in
the laboratory, which proves the significance of tempera-
ture in the creation of nanoparticles. Despite these find-
ings suggesting the possibility of using biogenic AgNPs in
photocatalytic reactions, the recovery of catalysts, stability,
leaching of silver, and possible secondary pollution should
be addressed before the applications can be realized during
environmental or wastewater treatment.
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