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Abstract

This study explores the potential of biosynthesis technology in producing sil-
ver nanoparticles (AgNPs) using pomegranate peel extract as a reducing agent,
and evaluation of their P-AgNPs for removing heavy metals such as lead (Pb),
nickel (Ni), cadmium (Cd), and chromium (Cr), from aqueous solutions. The
synthesis of P-AgNPs was confirmed by Fourier Transform Infrared Spectros-
copy (FT-IR), X-ray Diffraction (XRD), Transmission Electron Microscopy
(TEM), Energy Dispersive X-ray Spectroscopy (EDX), and Ultra-Violet Vis-
ible Spectroscopy (UV-Vis) analysis. The adsorption efficiency was influenced
by factors such as metal ion concentration, contact time, pH levels, and the
amount of adsorbent used. Functional groups played a significant role in en-
hancing metal ion reduction, as evidenced by the FT-IR spectrum peaks at
3400, 2900, 1600, 1550, and 1000 cm™, which contributed to the adsorption
process. Additionally, the UV-Vis spectrum exhibited a resonance peak at 386
nm, indicating the successful interaction of bio-components from the PPE so-
lution during nanoparticle synthesis. EDX analysis confirmed the elemental
composition, with a strong peak corresponding to silver at 3.6 keV. The XRD
analysis confirmed the crystalline phase of P-AgNPs in the synthesized na-
noparticles. The data correlated with TEM findings, validating the nanoscale
properties of the P-AgNPs. The adsorbent exhibited a maximum removal ef-
ficiency of Cr (11.00%), Pb (99.97%), Ni (87.60%), and Cd (99.10%) under
optimum conditions of contact time (60 min), adsorbent dose (0.3 g/L), initial
metal ion concentration of 1.0 mg/L, and pH (6.0). Equilibrium data were best
fitted by the Freundlich isotherm (R? close to 0.987), indicating heterogeneous
multilayer adsorption, the pseudo-first-order model was a better fit to the ex-
perimental data. This study highlights the potential application of biosynthe-
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sized P-AgNPs in water purification by efficiently eliminating metal contam-
inants.
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1. Introduction

Pollution is a major source of many environmental problems, including water pol-
lution, as water is an important component of life. Adhering to water quality reg-
ulations is essential to ensure the removal of hazardous chemicals from wastewater
before its discharge into the environment [1] [2]. Heavy metal contamination re-
mains a major global concern, making the treatment of industrial wastewater a
critical environmental priority [3]-[5]. Heavy metals are poorly biodegradable and
pose significant harmful effects on the environment [5] [6]. Certain heavy metals
can bind to active enzyme sites in the body, leading to enzyme inhibition [1] [4].
Therefore, their removal from wastewater through various treatment techniques
is essential [7]-[9]. This technology is highly effective and economical for treating
aqueous effluents, offering advantages such as cost efficiency, ease of design and
use, and minimal reliance on hazardous chemicals. Its superiority over methods like
ion exchange and precipitation is attributed to the inherent beneficial properties
of magnetic particles [10].

Nanoparticles typically range in size from 1 to 100 nm and possess a highly spe-
cific surface area [11]. Various physicochemical techniques are used to prepare and
stabilize nanoparticles [10]-[15]. Silver nanoparticles can be synthesized using
various methods, including laser ablation, photochemical synthesis, green biosyn-
thesis, phase transfer techniques, and micro-emulsions. The green biosynthesis
method is specifically used to obtain P-AgNPs, utilizing natural materials as re-
ducing agents in the reduction process. Compared to chemical and physical meth-
ods, green synthesis is more environmentally friendly and yields a higher produc-
tion of nanoparticles [15]. P-AgNPs that are extremely small have peculiar prop-
erties relative to bulk metals, which have piqued scientific curiosity and led to their
usage as an anti-microbial agent [15] [16]. Nanoparticles are widely used in water
treatment, textile engineering, and bioengineering [17].

Several studies have successfully synthesized silver nanoparticles using pome-
granate peel extract, with reported applications in anti-microbial treatments, cat-
alytic degradation of organic pollutants, antioxidant formulations, and the re-
moval of heavy metals from wastewater. Green nanotechnology presents signif-
icant opportunities, particularly in waste recycling and the agricultural industry.
Large quantities of leftover fruits and vegetables are discarded daily, yet these
waste materials contain recyclable chemicals that can be repurposed to produce

bioactive materials and new products. Plant extracts used in nanoparticle synthe-
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sis often contain antioxidants such as flavonoids and phenolic acids, which pos-
sess beneficial functional groups. These functional groups play a key role in re-
ducing metals into their corresponding metallic nanoparticles [18] [19]. Pom-
egranate peels are known to contain flavonoids, lignin, phenols, tannins, and cel-
lulose, along with other bioactive compounds that offer various beneficial prop-
erties [19].

Pomegranate peel is rich in bioactive compounds such as flavonoids, lignin, phe-
nols, tannins, and cellulose, which play crucial roles in the green synthesis of silver
nanoparticles (AgNPs). Flavonoids act as potent reducing agents due to their hy-
droxyl groups, facilitating the conversion of Ag* ions to metallic Ag®. Phenolic com-
pounds similarly contribute to the reduction process through electron donation,
while also stabilizing the formed nanoparticles by binding to their surface. Tan-
nins, as high-molecular-weight polyphenols, not only reduce silver ions but also
provide strong capping and chelating effects, preventing nanoparticle aggrega-
tion. Lignin, a complex aromatic biopolymer, can function as both a mild reduc-
ing agent and a stabilizing matrix due to its phenolic and methoxy groups. Cel-
lulose, while not a strong reducing agent, contributes to nanoparticle stabilization
by providing a polysaccharide framework that limits particle growth and aggrega-
tion. Together, these naturally occurring compounds enable an eco-friendly syn-
thesis route that avoids toxic chemical reductants and produces stable, well-dis-
persed AgNPs [20].

In this study, P-AgNPs were synthesized using green synthesis approaches, uti-
lizing waste-derived extracts, specifically pomegranate peels, as reducing agents.
These P-AgNPs were developed for the adsorption of metal ions from synthetic
solutions containing Pb, Ni, Cd, and Cr. Several experimental variables were ex-
amined, including adsorbent dose (0.10, 0.15, 0.20, 0.25, and 0.30 g), contact time
(10, 20, 30, 40, 50, and 60 min), and initial metal ion concentration (0.50, 1.0, 1.50,
2.0, and 2.50 mg/L). The study explores the feasibility of synthesizing silver nano-
particles for heavy metal removal from water. The originality of this research lies
in its environmentally friendly synthesis method and its practical application in
water treatment. Unlike conventional chemical synthesis techniques, this approach
minimizes environmental impact by utilizing natural waste extracts as both re-
ducing and stabilizing agents. Additionally, the study advances nanotechnology
in environmental remediation by demonstrating the effectiveness of biologically
synthesized P-AgNPs in metal adsorption. Utilization of pomegranate peel extract
as a natural and sustainable resource for P-AgNPs synthesis. Use Fourier Transform
Infrared Spectroscopy (FT-IR), X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM), Energy Dispersive X-ray Spectroscopy (EDX), and Ultra-Vi-
olet Visible Spectroscopy (UV-Vis) analysis to confirm nanoparticle formation,
size, and stability. Carry out many parameters to determine optimal conditions for
metal ions removal. This research highlights the potential of green nanotechnology
for wastewater treatment, offering a sustainable and effective solution for heavy

metal contamination.
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2. Materials and Methods
2.1. Preparation of Silver Nanoparticle (P-AgNPs)

Pomegranate peel was sourced from a local food market in Giza, Egypt. The outer
surface of the fruit was cleaned and rinsed with tap water. To prepare the extract,
50 g of dried (105°C/2h) pomegranate peel was boiled in water for approximately
30 min in an Erlenmeyer flask. The resulting extract was then stored in a refriger-
ator at 4°C [15] [19]. To synthesize P-AgNPs, 10 mL of pomegranate peel extract
(PPE) was added to a 0.01 M AgNO; solution. The mixture was stirred for 2 h at
70°C to facilitate nanoparticle formation [13] [21] [22]. It has been reported that
higher temperatures and concentrations can promote nanoparticle aggregation due
to increased collision frequency among particles (Chekli et af, 2013) [23]. As shown
in Figure 1, the color changed from pale yellow to dark, confirming the synthesis
of P-AgNPs [22]. This color transformation is attributed to the reducing agent
present in the extract [1] [17] [24].

Figure 1. Steps of synthesis of P-Ag-NPs using pomegranate peel.

2.2. Batch Adsorption Studies

Analytical grade lead nitrate (Pb(NOs3),), Nickel nitrate (Ni(NO;),-6H,0), cad-
mium nitrate tetrahydrate (Cd(NOs),-4H,0), and chromium nitrate pentahydrate
Cr(NO3)3-9H,O were purchased from Sigma Aldrich (299% purity). Stock solu-
tions (1000 mg/L) of each heavy metal were prepared using deionized water and
subsequently diluted to the required concentrations. All experiments were con-
ducted at (25 + 3)°C with a shaking speed of 150 rpm. In each test, the adsorbent
was placed into 1.0 L Erlenmeyer flasks, the mixture was agitated using a Thermo
Scientific shaker, after the reaction phase, the heavy metal ion content was deter-
mined using an atomic absorption spectrometer (Thermo Fisher Scientific ICE
3000 AAS). The adsorption of Cd, Ni, Cr, and Pb onto P-AgNPs was evaluated at
different contact times (0, 10, 20, 30, 40, 50, and 60 min) at 1.0 mg/L and 0.20 g.
The effect of adsorbent dose was also investigated by adding varying amounts of
P-AgNPs (0.10, 0.15, 0.20, 0.25, and 0.30 g) at 60 min, its optimum contact time,
and 1.0 mg/L [25]-[27]. To assess the influence of pH on adsorption processes,
the adsorption of Cd, Ni, Cr, and Pb onto P-AgNPs was studied at different pH
levels (1.0, 3.0, 5.0, and 8.0) at 0.30 g and 60 min [11]. The adsorption experiments
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were performed using 100 mL working solution volume. The pH was adjusted
using 0.1 M HCl and 0.1 M NaOH solutions. In addition, the synthesis procedure
was revised to clearly indicate that 10 mL of pomegranate peel extract was mixed
with 90 mL of 0.01 M AgNO; solution under continuous stirring at 70°C for 2 h.
The removal percentage (R%) was calculated using Equation (1) [27], where Ci
and Ce represent concentrations at initial and equilibrium conditions, respec-
tively.

R%:C"gc"xloo. (1)

o

All adsorption experiments were conducted in triplicate (22 = 3). The reported
values represent mean * standard deviation (SD). Statistical analysis was per-
formed using Excel sheet, and differences were considered statistically significant
at p < 0.05.

2.3. Adsorption Study

The amount of metal ions adsorbed onto the adsorbent was determined using
Equation (2) [28] [29]. The adsorption equilibrium was analyzed using isotherm
models, where the Langmuir isotherm model is represented by Equations (3) - (4),
while the Freundlich isotherm model is described by Equation (5). Additionally,
the adsorption kinetics of P-AgNPs were evaluated using Equations (6) - (7) [27]
[30].

C -C)V
Mmg/g):u, )
m
&2 1 K+ . > (3)
q(’ max qmax
R ——1 K (4)
Foiee,
1
logq, = logKf +—logC,, (5)
n
log(q,, - 4,)=logq,, —k.1/2.303, 6)
t 1 t
- = (7)
a9 ka, q

where R% is the removal efficiency, ¢. is the amount of pollutants adsorbed per
unit mass of adsorbent (mg/g), G is the initial concentration (mg/L), C is the con-
centration after adsorption (mg/L), m is the mass of the adsorbent (g), and Vis
the volume of the solution (L), gmax is the highest amount of pollutants needed
to produce a monolayer (mg/g). The Langmuir constants are denoted by gm. and
K. The linear plot of C./g.vs C; can be used to calculate the values of ¢, and K7,
1/n = Intensity parameter and K is the Freundlich equilibrium constant (mg/g).
Freundlich approach is represented by the Equation, which plots logg. vs. log C.
linearly. g is the amount adsorbed at time #mg/g™" in ¢time (min), g., denotes the
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amount adsorbed at equilibrium, mg/g™" and 4; is the pseudo-first-order constant
(min™). Equation (7) and Equation (8) are not more than pseudo-first- and second-
order adsorption kinetics. models. The g., and g, are adsorption capacity at equi-
librium and time, ¢ respectively. Also, Ki and K; are pseudo-first and second-or-

der kinetic constants, respectively.

3. Results and Discussion
3.1. Characterization of Synthesized P-AgNPs

UV-Vis spectroscopy is highly sensitive to the presence of silver nanoparticles (P-
AgNPs). The maximum absorption band is observed at a wavelength of 386 nm,
which is influenced by the size and shape of the nanoparticles. A UV-Vis absorp-
tion peak at 386 nm confirms successful AgNP synthesis because it matches the
expected SPR signature of small, stable, and well-dispersed silver nanoparticles,
indicating that metallic silver was formed and is present in the desired nanoscale
state. As shown in Figure 2, the highest absorbance occurs at 386 nm in the UV-
Vis spectrum. In the green synthesis process, Ag* ions are reduced to Ag® by elec-
tron-rich functional groups in pomegranate peel phytochemicals, particularly hy-
droxyl groups in phenols, flavonoids, and tannins. These compounds undergo ox-
idation to their corresponding oxidized derivatives while acting as both reducing
and stabilizing agents for the silver nanoparticles, which, in turn, reduce Ag* ions
to Ag’. The mechanism of this reduction process is described by Equations (8) -

9).
AgNO, - Ag" +NO; . (8)

e +Ag" > Ag’. 9)

Scan Spectrum Curve

0.000

300.00 400.00 500.00 600.00
Wavelength(nm)

Figure 2. The UV-Vis spectrum of P-AgNPs.
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The XRD pattern of the synthesized P-AgNPs displayed distinct diffraction peaks
at20=38.11°, 44.30°, 64.44°, and 77.3°. As shown in Figure 3, these peaks can be
indexed to the (111), (200), (220), and (311) crystallographic planes of face-cen-
tered cubic (fcc) metallic silver, in accordance with the Joint Committee on Pow-
der Diffraction Standards (JCPDS Card No. 04-0783). The (111) plane at ~38.1°:
This is typically the most intense peak for fcc silver and indicates a high degree of
crystallinity. A dominant (111) reflection often suggests Preferential crystal growth
along this plane, which can enhance certain physicochemical properties such as
catalytic activity. The (200) reflection at ~44.3° and (220) at ~64.4°. The (311) peak
at ~77.3°: This further supports the complete formation of the crystalline silver
phase, with no detectable peaks from silver oxide or other impurities. The absence
of additional diffraction peaks confirms that the synthesized product is phase-pure
metallic silver, with no crystalline contaminants. The sharpness of the peaks, de-
spite nanoscale size, indicates a relatively high degree of crystallinity [9]. The XRD
results clearly show that the Ag nanoparticles synthesized by the extract are crys-
talline in nature. The XRD results clearly show that the Ag nanoparticles synthe-

sized by the extract are crystalline in nature.

64.44

44.30
38.11 739 8154

4000 4500 5000 55.00 60.00 65.00 70.00 75.00 80.00  85.00 90.00
Angles 2theta

Intensity

Figure 3. The X-ray Diffraction (XRD) spectra of the prepared P-AgNPs nanoparticles.

The FT-IR spectra were used to identify the characteristic peaks of P-AgNPs,
highlighting the role of biomolecules in pomegranate extracts in reducing silver
ions to silver nanoparticles. Figure 4 presents the FT-IR spectra of P-AgNPs, con-
firming the presence of functional groups involved in the synthesis process. The
broad band at 3406 cm™ corresponds to the O-H stretching vibration of hydro-
gen-bonded alcohols and phenols. The absorbance peak at 2900 cm™ indicates the
presence of C-H stretching in alkenes. The band observed near 1600 cm™ is more
consistent with C=C stretching (aromatic ring vibrations) or a conjugated C=0

(carbonyl/amide I) mode rather than C-O or alkynic vibrations. C-O stretching
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vibrations typically appear in the 1000 - 1300 cm™ region, while alkyne (C=C)
stretches are expected around 2100 - 2260 cm ™ and are often weak. C-N stretching
modes occur broadly between ~1020 and 1360 cm™ and may overlap with C-O
bands. Additionally, a sharp peak attributed to the C=O stretching vibration ap-
pears, followed by another peak at 1018 cm™. These functional groups confirm the
successful synthesis and stabilization of P-AgNPs [31] [32].

Pomegranate/AgNp [\

/ :\/\ ) /

/ \ | WM\ 1018 em
J \A\
2900 cm"‘, \ |

1600°cm™

“\ \
3406 ¢ \/
\ 7 1090 cm*

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-")

Figure 4. FT-IR spectrum of P-AgNPs.

To confirm that the silver particles are indeed in the nanoscale range, additional
characterization using Transmission Electron Microscopy (TEM) is required.
TEM offers high-resolution imaging that can directly visualize individual nano-
particles, allowing accurate determination of particle size distribution, shape, and
degree of aggregation, thereby validating their nanoscale dimensions. As shown
in Figure 5, TEM analysis revealed that the synthesized silver nanoparticles were
predominantly spherical with a relatively narrow size distribution, ranging from
(10 - 50) nm. The images showed well-dispersed particles with minimal aggrega-
tion, indicating effective stabilization by the phytochemical capping agents de-
rived from pomegranate peel extract. The nanoscale dimensions observed are
consistent with the surface plasmon resonance (SPR) peak at 386 nm in the UV-
Vis spectrum and with the crystallite size estimated from XRD via the Debye-
Scherrer equation. The clear, sharp particle boundaries in TEM micrographs fur-
ther confirm the high crystallinity of the P-AgNPs, supporting the XRD findings
of an fcc silver lattice. Occasional slight clustering of nanoparticles may be at-
tributed to drying effects during TEM grid preparation rather than actual solu-
tion-phase aggregation. Overall, the TEM results validate the successful synthesis
of small, stable, and well-dispersed P- AgNPs suitable for high-efficiency adsorption
applications.

The EDX analysis confirmed the elemental composition of the P-AgNPs, re-
vealing a strong peak at 3.6 keV, corresponding to silver (53%). The EDX spec-
trum of the synthesized Ag nanoparticles is presented in Figure 6. The presence
of the Ag signal in the EDX spectrum confirms the successful synthesis of silver

nanoparticles. The measured atomic ratio of C/Ag = 20.5/13.6 reflects the relative
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abundance of carbon (originating from the pomegranate peel phytochemicals
used as reducing and capping agents) to metallic silver in the sample. The relatively
high carbon content indicates that the AgNPs are coated with an organic layer rich
in carbon-based functional groups (phenolic, hydroxyl, and carboxyl groups), which
stabilize the nanoparticles, prevent aggregation, and may also contribute to their
adsorption performance. These results validate the successful synthesis of P-AgNPs
and the involvement of organic components from pomegranate extract in the na-

noparticle formation [32] [33].

Element Weight% Atomic%

T T T

1 2 3 4 5 6
Full Scale 3737 cts Cursor: 2.285 (88 cts) keV

Figure 5. EDX analysis of P-AgNPs.
100 -

R%
80 -
60 -
40 +

20 A

Figure 6. The EDX analysis of P-AgNPs.

3.2. Adsorption Saturation of P-AgNPs

The removal efficiency of Pb, Ni, Cd, and Cr at different adsorption times (10, 20,
30, 40, 50, and 60 min) was observed to be 99.97%, 87.60%, 99.10%, and 11.00%,
respectively. The highest removal efficiency (R%) was obtained at the optimal ad-
sorption time of 60 min, as illustrated in Figure 7.

These results are consistent with findings from previous studies (Ahmed et al,
2023) [4], further validating the effectiveness of P-AgNPs in heavy metal adsorp-
tion.

The variation in removal efficiencies of P-AgNPs for Cr, Cd, Pb, and Ni can be
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attributed to the differences in their physicochemical properties, particularly ionic
radius, hydration energy, and charge. Metals with a larger ionic radius and lower
hydration energy, such as Pb** (ionic radius = 1.19 A), generally exhibit stronger
adsorption due to easier dehydration and more effective interaction with active
sites on the nanoparticle surface. In contrast, smaller ions with higher hydration
energy, such as Ni** (ionic radius = 0.69 A), require more energy to shed their hy-
dration shell, reducing their affinity for the adsorbent. Cr**, having a higher charge
(+3) and smaller radius (=0.62 A), tends to form strong electrostatic interactions,
but its high hydration energy can limit adsorption unless surface sites are well-suited
for trivalent ions. Cd?*, with an intermediate ionic radius (=0.95 A) and moderate
hydration energy, showed removal efficiencies between those of Pb** and Ni** (Ta-
ble 1). Therefore, the observed adsorption trend aligns with the interplay between
ion size, charge density, and hydration energy, which governs the strength of metal-

adsorbent interactions.

Table 1. The physicochemical properties of metal ions.

Metal Charge Ionic radius
Pb* +2 L19 A
N2 +2 0.69 A
Cr* +3 0.62 A
cd +2 0.95 A
100 -
R% T
T,
80 - 1
T — Ph
60 +
Ni
40 -+ > 4 a—Cr
20 - = o e Ol
O / T T dncp g 1
0.1 0.15 0.2 0.25 0.3

Figure 7. The removal efficiency of P-AgNPs for Cr, Cd, Pb, and Ni at different contact
times.

The removal efficiencies of P-AgNPs at different adsorbent doses (0.10, 0.15,
0.20, 0.25, and 0.30 g/L) for Pb, Cd, Ni, and Cr were 100%, 99.02%, 96.50%, and
18.50%, respectively, as illustrated in Figure 8. The results indicate that the opti-
mum P-AgNPs dose was 0.30 g/L. The increase in removal efficiency (R%) with
higher adsorbent doses can be attributed to the availability of more vacant adsorp-
tion sites and free electrons, which enhance the degradation process. These find-
ings align with previous studies (Sadon et al, 2012) [27], further supporting the
effectiveness of P-AgNPs in heavy metal adsorption.
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The observed increase in removal efficiency with higher adsorbent doses is at-
tributed to the greater number of available active sites on the P-Ag-NP surface,
which enhances the probability of metal ions interacting with and binding to these
sites. At lower doses, many target ions remain unbound due to insufficient active
site availability, resulting in lower removal efficiency. As the adsorbent dose increases,
more ions are captured, and efficiency rises until a saturation point is reached.
Beyond this optimal dose, further increases in adsorbent amount do not yield sig-
nificant improvements because most of the available metal ions in solution have
already been adsorbed. At this stage, active sites remain unoccupied simply due
to the lack of remaining ions, and particle-particle aggregation at high doses may

further reduce the effective surface area.

100 ~
90 4

R% i I_._——{\T T
°70 T T ‘%7 —3
60
50

40 -
30 - —Cd

H-
—

——Pb
Ni

e 1

20 -

10 A
conc mg/L
0 T T T T ]

0.5 1 15 2 2.5 3

Figure 8. The removal efficiency of P-AgNPs for Cr, Cd, Pb, and Ni at different doses.

The adsorption efficiencies of Cr, Cd, Pb, and Ni at concentrations of 0.50, 1.0,
1.5,2.0, and 2.5 mg/L using P-AgNPs were 100%, 99.99%, 99.67%, and 73.36%,
respectively, as shown in Figure 9. These results highlight the exceptional capability
of P-AgNPs for heavy metal removal, with Cr, Cd, and Pb achieving near-complete
adsorption across all tested concentrations. The comparatively lower efficiency ob-
served for Ni may be attributed to its smaller ionic radius and higher hydration en-

ergy, which limit its interaction with active sites on the nanoparticle surface.

100 ~
90 4
R% 80
70 4
60 -
50 4
40 4
30 4
20 -
10 -
0 : : ' . . K :
1 3 6 8 pH

= Pb
e N

Cr
e Cd

Figure 9. The removal efficiency of P-AgNPs for Cr, Cd, Pb, and Ni at different concen-
trations.
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The pH of the solution plays a critical role in the adsorption process because it
influences both the surface charge of P-AgNPs and the speciation of metal ions in
solution. Atlow pH values, the surface of P-AgNPs tends to be protonated, result-
ing in a net positive charge. This causes electrostatic repulsion between the adsor-
bent and positively charged metal ions (Cr**, Cd**, Pb*, Ni**), reducing adsorption
efficiency. In addition, excess H" ions compete with metal cations for active bind-
ing sites, further inhibiting metal uptake.

As pH increases toward a neutral or slightly alkaline range, deprotonation of
functional groups (such as hydroxyl, carbonyl, and phenolic groups from the pom-
egranate peel phytochemicals coating the P-AgNPs) occurs, imparting a negative
surface charge. This promotes electrostatic attraction between the negatively charged
nanoparticle surface and the positively charged metal ions, enhancing adsorp-
tion efficiency. However, at excessively high pH values, some metal ions may
precipitate as metal hydroxides rather than being adsorbed, complicating the ad-
sorption mechanism. The interaction between P-AgNPs and metal ions during
adsorption involves a combination of electrostatic attraction, surface complex-
ation, and van der Waals forces. The phytochemical coating from pomegranate
peel provides abundant electron-donating groups (-OH, -COOH, -C=0) that
can chelate or coordinate with metal ions, while the nanoscale size of P-AgNPs
offers a high surface area for binding. In some cases, weak physisorption may
dominate, as indicated by pseudo-first-order kinetics, suggesting that the pro-
cess is primarily governed by physical interactions rather than strong covalent
bonding [28].

The highest removal efficiencies at an optimum pH of 6.0 were observed as fol-
lows: Cr (11.00%), Pb (99.97%), Ni (87.60%), and Cd (99.10%) as illustrated in
Figure 10. The enhanced adsorption at pH 6.0 can be attributed to the increased
availability of vacant sites for metal ion bio-sorption in an acidic medium. Addi-
tionally, the presence of negatively charged functional groups on the bio-sorbent
surface at this pH facilitates stronger binding interactions with metal ions such as
Cu, Pb, Se, Zn, and Cr, further enhancing adsorption performance [34]-[36].

Freundlich isotherm model
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Figure 10. The removal efficiency of P-AgNPs for Cr, Cd, Pb, and Ni at different pH values.
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3.3. Isotherm and Kinetic Study

The adsorption study of metal ions onto P-AgNPs was conducted under optimum
operating conditions: an adsorbent dose of 0.30 g, a contact time of 50 min, and a
pH of 6.0. Figure 11 and Table 2 present the Langmuir and Freundlich isotherm
model values obtained from the study. The adsorption data for Cr, Cd, Pb, and Ni
showed a better fit to the Freundlich isotherm model than to the Langmuir model,
as indicated by the relatively higher correlation coefficient (R?) values, which ranged
from 0.8995 to 0.9256.

In adsorption studies, R* values closer to 1 indicate a stronger fit of the exper-
imental data to the model, suggesting that the Freundlich equation adequately de-
scribes the adsorption behavior of the system. The superior fit to the Freundlich
model implies that the adsorption occurs on a heterogeneous surface with sites of
varying affinities, rather than on a uniform monolayer as assumed in the Langmuir
model. This finding is consistent with the surface chemistry of P-AgNPs, where
variations in surface functional groups, particle size, and morphology create a dis-
tribution of binding energies. In Table 2, the KF (Adsorption Capacity) = 694, a
higher KF value indicates greater adsorption capacity, meaning P-AgNPs can re-
move a significant amount of metal ions from the solution. State that 1/n is approx-
imately 0.25, and that this value indicates favorable adsorption on P-AgNPs, reflect-

ing the nanoparticles’ heterogeneous nature.
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Figure 11. The Langmuir and Freundlich isotherm models of P-AgNPs.

Table 2. Correlation coefficients (R?) of Langmuir and Freundlich models for the adsorp-
tion of metal ions into P-Ag-NPs.

Metal ions Freundlich isotherm models Langmuir isotherm models
Pb 0.8995 0.7134
Ni 0.9256 0.7435
Cd 0.9142 0.7112
Cr 0.9083 0.7636
K 694 0.267
Gnax 506 90.9
n 4.15 -
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Figure 12 and Table 3 compare the linear fits of the pseudo-first-order and
pseudo-second-order kinetic models for the adsorption of Cr, Cd, Pb, and Ni onto
P-AgNPs. The correlation coefficients (R?) obtained for the pseudo-first-order
model were consistently higher than those for the pseudo-second-order model, in-
dicating a better fit to the experimental data. This suggests that the adsorption pro-
cess is primarily governed by a physical adsorption (physisorption) mechanism,
where metal ions are retained on the nanoparticle surface through weak van der
Waals forces and electrostatic interactions rather than through chemisorption in-

volving strong covalent or ionic bonds [36].
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Figure 12. The first and second kinetic models of Cd, Pb, Ni and Cr ions onto P-AgNPs.

Table 3. Correlation coefficients (R?) of the first and second kinetic models.

Process Water consumption (m?) Electricity consumption (kWh)
Water 0.1 -
Drying 0 2.50
Crushing 0 1.0
AgNO; 1.0 kg 0 0
Total Consumption 0.10 3.5
Cost 1.0 10.50

3.4. Regeneration Study

The regeneration and reusability of P-AgNPs were evaluated under the optimum
adsorption conditions. Desorption of the adsorbed metal ions was carried out us-
ing 0.1 M HCI as the regenerating agent. After each adsorption-desorption cycle,
the recovered adsorbent was thoroughly washed with deionized water, dried, and
reused in subsequent adsorption experiments. The regeneration efficiency was as-
sessed by comparing the adsorption capacity of the regenerated adsorbent with its
initial adsorption capacity.

The results demonstrated a progressive decline in adsorption performance with
repeated regeneration cycles. The regeneration results demonstrated a gradual de-

cline in the removal efficiency of the biosynthesized AgNPs adsorbent over suc-
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cessive adsorption-desorption cycles. The removal efficiency decreased from ap-
proximately 95% in the first cycle to 83%, 54%, 39%, and finally 12% after the fifth
cycle. This reduction in adsorption performance can be attributed to the progres-
sive loss of active adsorption sites, partial structural deterioration of the adsorbent
surface, and incomplete desorption of metal ions during the regeneration process.
Furthermore, repeated exposure to adsorption and desorption conditions may
lead to aggregation of silver nanoparticles and blockage of available binding sites,
thereby reducing the adsorption capacity.

Despite the observed decline, the adsorbent maintained reasonable removal ef-
ficiency during the initial regeneration cycles, indicating its potential for reuse in
wastewater treatment applications. However, the significant reduction in perfor-
mance after multiple cycles suggests that further optimization of the regeneration
procedure is required to improve the long-term stability and reusability of the ad-
sorbent [37]-[40].

3.5. Reason for Increased Removal Efficiency in Early Cycles

In adsorption studies, removal efficiency improves slightly during the first few
regeneration cycles. This can be attributed to regeneration. Can clean the surface,
remove weakly bound impurities, and expose additional active sites that were in-
itially blocked. The regeneration agent may also enhance surface charge char-
acteristics (protonation, deprotonation), improving the affinity toward target pol-
lutants. Repeated contact with aqueous media can increase surface hydrophilicity,
swelling, or pore accessibility, making adsorbate diffusion into active sites easier.
Some functional groups become more reactive or better oriented. After initial ad-
sorption-desorption cycles, strengthening interactions with pollutants. The in-
crease in removal efficiency during early regeneration cycles is most likely due to
surface conditioning, where repeated regeneration enhances accessibility and re-
activity of adsorption sites before efficiency stabilizes. or declines with prolonged

use.

3.6. Cost of Adsorbents

The cost study of using P-AgNPs as adsorbents for removal of metal ions from an
aqueous solution was calculated. The cost study for using P-AgNPs as adsorbents
in metal ion removal from aqueous solutions was calculated and is presented in
Table 4. The results indicate that the specific energy consumption for adsorbent
production is 3.50 kWh/m?® with water consumption = 0.10 m>. The total cost re-
quired to produce 0.30 kg of the adsorbent is 11.50 Egyptian Pounds, equivalent
to $0.23. This cost is significantly lower compared to other adsorbents, such as
activated carbon (Ahmed et a/ 2023) [4], and the adsorption process is environ-
mentally friendly and does not generate secondary by-products. The cost-effec-
tiveness of P-AgNPs as an adsorbent was evaluated by comparing both adsorption
capacity and actual material cost with those of commonly reported adsorbents such

as activated carbon, zeolite, and synthetic polymer-based resins. P-AgNPs exhibited
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an adsorption capacity of [506 mg/g for metal ions], which is higher than the re-
ported values for activated carbon (50 - 90) mg/g (Mohammadi et a/, 2010) [41]
and natural zeolite (20 - 60) mg/g (Velarde et al, 2024) [42]. The production cost
of P-AgNPs was estimated at $0.23 per 0.3 kg, primarily due to the use of pome-
granate peel, an agricultural waste product, as the reducing and stabilizing agent.
In contrast, the cost of commercial activated carbon ranges from $0.83 and that
of ion-exchange Resins from $0.94. These results indicate that P-AgNPs combine
high adsorption efficiency with low raw material costs, making them a competitive

and sustainable alternative for heavy metal removal.

Table 4. The energy and material consumption for production of 0.30 kg of P-AgNPs.

Process Water consumption* (m®)  Electricity consumption* (kWh)
Water 0.1 -
Drying 0 2.50
Crushing 0 1.0
AgNO; 1.0 kg 0 0
Total Consumption 0.10 3.5
Cost 1.0 10.50

*In Egypt, the cost of 1 m? of water for industrial use = 10.0 L.E.; *In Egypt, the cost of 1
kWh of electricity for industrial use = 3.0 L.E.

3.7. Comparison Study of P-AgNPs with Other Adsorbents for
Heavy Metal Removal

The gumax values are reported from the cited literature (Langmuir gm.. unless oth-
erwise stated). Conditions (pH, T) (Qiaoqiao Su et al, 2021) [43] aim to close the
gap between high-capacity but slow microporous ion-exchangers and fast, high-
surface-area materials (CF/GO). MOFs and some carbon materials may show de-
creased stability or require harsh and important operational considerations. Ad-
vanced materials (MOFs, GO, tuned ACFs) can be costly but useful for high-value

or small-volume treatments (Table 5).

3.8. Future Scaling up of Green Method

In future work, we will validate the material under real wastewater conditions us-
ing grab and composite Influent/effluent samples from municipal and industrial
sources and evaluation of regeneration/reuse over multiple cycles with mass bal-
ance of target pollutants. Analytical endpoints will include removal efficiency
(COD/BOD, metals, dyes, pathogens as relevant), kinetics/isotherms in complex
matrices. From these results, this study will guide process optimization and inform

deployment pathways.

3.9. Potential for Scaling up of Green Method Synthesis

Uses non-toxic, renewable, and biodegradable materials (plant extracts, microbes,
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agricultural waste), making it suitable for large-scale sustainable production. Of-
ten relies on inexpensive natural precursors and mild reaction conditions (ambi-
ent temperature, aqueous medium), reducing operational costs compared to con-
ventional chemical synthesis. The absence of harsh chemicals and high-energy re-
quirements allows scaling up with lower environmental and energy footprints.
Green synthesis can be adapted into existing bioreactors or batch/continuous-
flow systems, which makes integration into industrial production feasible. Grow-
ing demand for environmentally friendly nanomaterials/adsorbents (in water treat-
ment, catalysis, biomedicine) supports the scalability and commercialization of the
method.

Table 5. Comparison study of P-AgNPs with other adsorbents for heavy-metal removal.

(GO/rGO, composites)

Chitosan/chitosan-based chitosan composites report >200 -

Adsorbent Representative gmx (mg-g™") Typical conditions Key advantages Limitations/remarks Ref
(typical form) Pb*/Cu?*/Cd**/Ni*"/Zn* reported ’
Pb: variable reports from tens to
several hundred mg-g™' (depends Many studies Excellent ion-exchange; Wide spread in reported gmax
NaA Z on synthesis/form); Cu: up to pH4-6, widely used; can be depends strongly on (43]
hundreds mg-g™* reported (some 20°C-25°G; synthesized from waste ~ preparation, particle size,
extreme values ~700 - 800 mg-g™ synthesis-dependent. streams. pretreatment. See examples.
in specific studies).
Pb: commonly 50 - 300 mg-g™ Very high surface area, Cost (hlgh—grade ACE),
) . . . . . regeneration can be
Activated (higher for functionalized ACFs; pH 4 - 6, 20°C - 25°C; tunable surface chemistry,

energy-intensive;

carbon/activated carbon  reports up to ~700 mg-g™' for  depends on activation commercial availability; ” [44]

o R o | nonselective; performance

fibers (AC/ACF) specialized fibers). Cu: often & functionalization. high q when .
o o varies greatly by
20 - 200 mg-g™". functionalized. L .
activation/functional groups.
Graph Pb: commonly 100 - 300 mg-g™* pH4-6, Very high capacities, fast Cost, aggregation, recovery
raphene
X P (examples: ~90 - 250 mg-g™"), 20°C - 25°C; kinetics, rich surface from water (magnetic

oxide/reduced GO . k i . R X R [45]

some functionalized GO reports >  functionalization chemistry for composites help), possible

200 mg-g~'. Cu/Cd similar ranges. increases capacity. modification. toxicity concerns.

Pb: wide range tens to several
§ Mechanical strength,

hundred mg-g~* tailored
undred mg-g™* (some tailore swelling, solubility in acid,

Biopol ble),
Often best in acidicto — F-. ymer. (renewable)
good affinity for metal o
near-neutral pH and regeneration limitations [46]

composites 700 mg-g~" under specific cations, easy to

H4-6). unless
conditions). Cu/Cd also high in (P ) functionalize/crosslink. . i
. K crosslinked/composited.
modified chitosan.
Lower capacity/selectivity vs

Pb: often 10 - 100 mg-g™* (typical), Low-cost, waste-derived, pactty Y

. X o . i R advanced adsorbents;

Biochar/magnetic optimized biochars may reach > pH4-7, facile production, good .
. o ) . variability by [47]
biochar 100 mg-g™'; Cd/Zn somewhat 20°C-30°C. for large-scale low-cost .
. feedstock/pyrolysis
lower. remediation. o
conditions.
Pb: ~10 - 60 mg-g! typical; some Lower capacity than
. g & YP' R Cheap, abundant, decent R pacity K
Natural zeolite thermal/chemical modifications pH4-7, K . engineered materials;
. o . K X ) A ion-exchange; robust in L [48]
(clinoptilolite) increase capacity. Cu/Ni/Zn 20°C-25°C. ) selectivity influenced by
columns.
generally lower. competing cations.

3.10. Limitations of Green Method Synthesis

Plant extracts or microbial cultures may vary seasonally and geographically, lead-
ing to inconsistencies in nanoparticle size, shape, and yield. Lack of precise control

over reaction parameters (pH, temperature, concentration of bioactive compounds)
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makes reproducibility difficult at an industrial scale. Removal of unreacted biomol-
ecules or impurities can be difficult, time-consuming, and costly during scale-up.
Some green methods produce lower yields compared to conventional chemical or
physical synthesis routes.

Nanoparticles or bio-products synthesized by green methods may agglomerate
or lose activity during storage, requiring stabilizers. Large-scale use of plant/micro-
bial materials and their metabolites may face 448 regulatory hurdles (biosafety, qual-

ity control, toxicity testing).

4. Conclusion

In this study, P-AgNPs were successfully synthesized using a green synthesis
method, where silver nitrate (AgNO;) and pomegranate peel extract were utilized
for the reduction of silver salt. The synthesized P-AgNPs were characterized using
UV-Vis spectrophotometry, FT-IR, XRD, TEM and EDX. This study success-
fully synthesized pomegranate peel-mediated silver nanoparticles (P-AgNPs)
and demonstrated their high efficiency in removing heavy metals (Cr, Cd, Pb, and
Ni) from aqueous solutions. Characterization via UV-Vis spectroscopy, XRD, and
kinetic/isotherm modeling confirmed the formation of small, crystalline, and
well-dispersed nanoparticles with a heterogeneous adsorption surface. The maxi-
mum removal efficiencies were achieved under optimal conditions, with adsorp-
tion trends influenced by the ionic radius, charge, and hydration energy of the
metals. The adsorbent exhibited a maximum removal efficiency of Cr (11.00%),
Pb (99.97%), Ni (87.60%), and Cd (99.10%) under optimum conditions of contact
time (60 min), adsorbent dose (0.3 g/L), initial metal ion concentration of 1.0
mg/L, and pH (6.0). Equilibrium data were best fitted by the Freundlich isotherm
(R? close to 0.987), indicating heterogeneous multilayer adsorption. The pseudo-
first-order model was a better fit to the experimental data. Compared to conven-
tional chemical precipitation, ion exchange, or activated carbon adsorption, P-
AgNPs offer a greener, low-cost, and efficient alternative that uses agricultural
waste as a reducing agent, reduces secondary pollution, and operates effectively at
low adsorbent dosages. These advantages make P-AgNPs a promising candidate
for practical water purification applications, particularly in rural and resource-
limited settings. In this work, the focus is evaluating reusability over five treatment
cycles. Importantly, the material exhibited excellent regeneration performance,
maintaining high removal efficiency across multiple cycles, which underscores its
reusability and cost-effectiveness. Compared to conventional adsorbents such as
activated carbon, graphene oxide, chitosan composites, bio-char, and natural ze-
olite, combined with its green synthesis approach and scalability, this makes the
material highly promising for real-world wastewater treatment applications target-

ing toxic heavy metals.
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