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Received: Improper disposal of synthetic dyes like methylene blue (MB), methyl orange (MO), and acid red 18

11 October 2025 (AR18) poses a significant threat to aquatic environments and human health, highlighting the need

]21;:\Il\ilsoe\(lje:mber 2025 for efficient and sustainable remediation strategies. This study introduces a novel, green synthesis of
silver nanoparticles (AgNPs) using Rhubarb seed extract. It provides a cost-effective, eco-friendly,

?SC csepzeeiber 2025 and rapid method to produce functional adsorbents for treating dye-contaminated wastewater.

Published in Issue: Thorough characterization confirmed the morphology and composition of the biosynthesized AgNPs
28 February 2026 through UV-Vis spectroscopy, transmission electron microscopy (TEM), dynamic light scattering
(DLS), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), Fourier transform
infrared spectroscopy (FT-IR), and X-ray diffraction analysis (XRD). Batch adsorption experiments
showed outstanding maximum removal efficiencies exceeding 95% for MB, MO, and AR18 under
optimal conditions (pH 11, 9, and 5, respectively; 0.8 g adsorbent; 20 minutes contact time; 30 mg/L
dye concentration). The adsorption process followed the Langmuir isotherm (R? = 0.9998 for MB,
0.9994 for MO, 0.9999 for AR18) and pseudo-second-order kinetics (R> = 0.9998, 0.9992, and
0.9991, respectively), with maximum adsorption capacities (qmax) of 40.16, 50.76, and 44.64 mg/g.
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Highlights

* Green synthesis of AgNPs can be effectively achieved using Rhubarb seed extract as a natural reducing agent.
* The biosynthesized AgNPs demonstrate high efficiency in removing organic dyes from aqueous solutions.

* Detailed adsorption studies using isotherm models and kinetic models provide insights into the dye adsorption
mechanisms and the interaction behavior between the dyes and the AgNPs.

* Characterization techniques confirm the successful synthesis of AgNPs with desirable size, morphology, and
surface properties, which contribute to their effectiveness.

Graphical Abstract
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1. Introduction

Industrialization is increasing, resulting in the
release of large amounts of industrial effluents
containing toxic pollutants such as dyes, heavy
metals, and pesticides into aquatic environments [1].
Many industries that widely use synthetic dyes
include textiles, plastics, paper, leather, cosmetics,
food products, and pharmaceuticals, which produce
highly dye wastewater [2]. It has been estimated that
the widespread use of different types of synthetic
dyes has resulted in approximately 5,000-10,000
tons of dyes being released into waterways annually
[3]. Methylene blue (MB) (Scheme 1a), also known
as Swiss blue, is a cationic synthetic dye with a
thiazine structure. It is used in the textile, leather,
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printing, pharmaceutical, and personal care
industries  [4,5]. Vomiting, nausea, anemia,
permanent eye damage, breathing difficulties, tissue
necrosis, and high blood pressure are common side
effects of prolonged exposure to this dye. It is not
highly toxic, but ingestion causes a burning
sensation. Therefore, it is essential to eliminate MB
from industrial wastewater prior to its release into
water bodies [60,7]. Methyl orange (MO) (Scheme
1b) is categorized in the class of anionic dyes [8]. It
is commonly used in the food, pharmaceutical,
textile, paper, and printing industries [9,10]. Being
soluble in water and resistant to degradation allows
them to persist in the environment, posing a hazard
to living organisms [11].The presence of MO in
water prevents sunlight penetration, affecting
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photosynthesis, reducing oxygen in ecosystems, and
causing the death of aquatic organisms [12]. This
dye poses multiple health risks, including elevated
heart rate, carcinogenic and mutagenic effects,
genotoxicity, vomiting, and even shock [13]. Acid
Red 18 (AR18) (Scheme Ic), known as Cochineal
Red A, Ponceau 4R, New Coccine, or E124, is a
sulfonated azo dye. It is used in the pharmaceutical,
cosmetics, and food industries [14,15]. Researchers
have reported gastrointestinal discomfort, vomiting,
cardiovascular  shock, reproductive  toxicity,
mutagenic, neurobehavioral, and carcinogenic
effects of azo dyes and intermediate products on
human health and aquatic life [16-18]. Hence,
eliminating  AR18 from  dye-contaminated
wastewater prior to its release into aquatic
ecosystems is crucial. Several techniques, such as
coagulation [19], coagulation-flocculation [20],
electrocoagulation [21,22], ozonation [23], and
ultrafiltration [24], have been used to remove the
aforementioned dyes from aqueous solutions.
However, these methods have limitations, including
the generation of sludge and disposal problems, low
efficiency, high operational costs, and the creation
of secondary contaminants due to the production of
toxic chemical residues [25,26]. In contrast, one of
the most efficient methods is adsorption, owing to
its simple design, simplicity of the process, high
efficiency, low cost, and reusability of the adsorbent
[27-29].

Nanotechnology can produce nanomaterials that
can be used for various environmental purposes. The
small size (less than 10 nm) of the nanoparticles
(NPs) and the high surface-to-volume ratio make
them more reactive to interact with other molecules
[30]. Metal NPs, such as gold (Au), silver (Ag), and
zinc (Zn), have recently attracted the attention of
researchers because of their unique features, such as
high stability, large surface area, high efficacy, and
facile chemical modification. Among them, silver
nanoparticles (AgNPs) have been widely considered
for their extensive range of applications owing to
their well-known characteristics, such as chemical
stability, antibacterial activity, thermal and electrical
conductivity, and catalytic and optoelectronic
properties [31,32].

AgNPs have been synthesized using physical
and chemical methods, which present several
drawbacks such as the use of harmful chemicals,
expensive equipment, high pressure and temperature
requirements, and the necessity for extensive space.
To overcome these restrictions, green synthesis was
introduced as an environmentally friendly and
economical technique for the synthesis of NPs [33].
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Green synthesis of NPs primarily relies on capping
and reducing agents found within plant extracts.
Plant extracts can be produced from different parts
of the plant (stem, leaves, fruits, seeds, roots, and
flowers.

Reducing agents, including phenols, membrane
proteins, flavonoids, and other secondary
metabolites, are present in these parts. Furthermore,
plant extracts contain capping agents, such as
peptides, tannic acids, and enzymes [34].
Biosynthesized AgNPs, used as adsorbents, offer
significant advantages such as eco-friendly, cost-
effective synthesis, high adsorption efficiency, and
antimicrobial activity. These qualities enhance their
utility in removing pollutants from water. The
biomolecule capping on the nanoparticles stabilizes
them, allowing for reusability and reducing
aggregation [79].

However, they also have disadvantages,
including potential nanotoxicity, limited selectivity
in removing mixed contaminants, stability issues
under varying conditions, cost factors related to
silver, concerns about environmental release, and
possible complexity in regeneration after repeated
use. Overall, they present a promising but carefully
managed solution for sustainable adsorption
applications [80].

Biosynthesized AgNPs using green way show
antibacterial against gram-positive and gram-
negative  bacteria,  antifungal,  antioxidant,
anticancer, medical diagnostics, therapeutic, and
cytotoxic properties, as well as catalytic activities
for the reduction of organic dyes [35-37]. In other
hand, AgNPs induce cytotoxicity mainly through
their small size and surface reactivity, which
promote cellular uptake and the generation of
reactive oxygen species (ROS).

The release of silver ions (Ag") from the
nanoparticles further enhances toxicity by
interacting with cellular machinery and triggering
inflammatory responses [74, 75]. Cytotoxic effects
depend on factors such as particle size with smaller
particles being more toxic dose, exposure time,
shape, and surface chemistry, as well as the cell type,
with cancer cells often being more sensitive [76].
These toxic effects extend to the environment where
AgNPs impact soil and aquatic organisms through
oxidative stress and ionic silver release, disrupting
growth, reproduction, and enzyme activity, raising
concerns about ecological safety and prompting
exploration of mitigation strategies like
phytoremediation [77]. Phytochemical components
such as flavonoids, phenolic acids, terpenoids,
saponins, polysaccharides, alkaloids, proteins, and
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reducing sugars play crucial roles in the green
synthesis of AgNPs. These plant-derived
metabolites act effectively as reducing agents by
donating electrons or hydrogen atoms to reduce
silver ions (Ag") to metallic silver (Ag®) [38].

Flavonoids and polyphenols, known for their
hydroxyl groups, are particularly efficient in this
reduction process. Besides reduction, many
phytochemicals serve as stabilizing and capping
agents that adhere to the nanoparticle surfaces,
preventing aggregation and enhancing nanoparticle
stability [39]. The dual role of these biomolecules
not only facilitates eco-friendly synthesis but also
imparts beneficial biological properties to AgNPs.
Green synthesis using plant extracts is considered
environmentally friendly and cost-effective,
producing stable nanoparticles suitable for diverse
applications. These phytochemicals are key to
controlling nanoparticle size, shape, and stability in
green synthesis methods [40]. RhAubarb is a
therapeutic plant rich in bioactive constituents such
as flavonoids, tannins, glycosides, anthraquinones,
volatile oils, and saponins. These compounds
exhibit diverse biological activities, including
antibacterial, antifungal, antioxidant, and anticancer
effects, along with immune-boosting and wound-
healing properties [41]. New materials in
wastewater treatment are revolutionizing the field
by combining  nanotechnology,
membranes, and smart composites. These materials
offer high efficiency in removing a wide range of
contaminants including organic pollutants, heavy
metals, and pathogens while
sustainability through reusability and reduced
chemical use [65, 66].

Notably, membrane bioreactors integrated with
nanocomposite membranes are enhancing filtration
performance and fouling resistance, allowing for
effective treatment and potential water reuse.
Additionally, stimuli-responsive biomaterials and
metal-organic frameworks contribute to selective
removal and adaptability in treatment processes,
making them promising candidates for industrial
and municipal wastewater applications [67, 68].
Current research likely formulates a focused set of

advanced

improving

hypotheses regarding (i) the dual role of Rhubarb
seed extract in reducing and capping silver
nanoparticles to produce bio-synthesized AgNPs
with enhanced surface functionality. (ii) the research
aims to explore the synergistic mechanism by which
these biogenic AgNPs and the Rhubarb-derived
matrix selectively adsorb and catalytically degrade
organic dyes. (iii) it seeks to determine the
applicability of standard isotherm and Kkinetic
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models in distinguishing between adsorption and
catalytic degradation contributions. The originality
of this research lies in connecting plant-mediated
biosynthesis parameters to quantitative adsorption
and degradation behavior within a single
framework. This approach allows for a deeper
understanding of how surface chemistry and defect
functionality imparted by the plant extract influence
dye removal efficiency, rate, and potential
mineralization. By offering a green synthesis route
with a clear, model-based interpretation of
performance, this work distinguishes between
adsorption-dominated  uptake and  catalytic
pathways. It also provides a predictive method for
adjusting dye removal efficiency across various dye
classes. To the best of our knowledge, no reported
report on the green synthesis of AgNPs using
Rhubarb seed extract. Hence, the present study
aimed to present a simple, green, low-cost, and fast
method for the synthesis of AgNPs using Rhubarb
seed extract and its application there to removal of
MB, MO, and AR18 from aqueous environments.
The effects of important parameters such as pH,
adsorbent dosage, contact time, and initial dye
concentration on the dye removal efficiency were
studied. Isotherm and kinetic models were used to
interpret the adsorption process. Furthermore, this
study presents a green and environmentally friendly
synthesis of silver nanoparticles using Rhubarb seed
extract as a bio-reductant and natural stabilizer. This
innovative approach eliminates the dependence on
harmful chemicals and energy-intensive processes
common in conventional methods. The biogenic
AgNPs demonstrate effective catalytic properties in
removing harmful organic dyes from aqueous
solutions, addressing critical environmental
pollution. The research provides a comprehensive
analysis of adsorption mechanisms through detailed
studies of isotherm and kinetic models, which reveal
the adsorption capacity, efficiency, and dynamics
involved in the dye degradation process. Moreover,
it addresses the gap of limited studies using Rhubarb
seed extract in the biosynthesis of silver
nanoparticles for organic dye removal. It makes a
novel contribution by integrating a green synthesis
approach with a detailed adsorption isotherm and
kinetics model. This helps elucidate the mechanistic
interactions and optimize the efficiency of AgNPs in
wastewater treatment. By integrating sustainable
nanomaterial synthesis with practical wastewater
treatment applications and rigorous model-based
evaluation, this work advances both green
nanotechnology and environmental remediation
techniques.
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2. Materials and methods
2.1. Materials

Silver nitrate (AgNO3) of 99.95% purity, along with
MB, MO, and ARI1S8, was acquired from Merck
(Germany). Rhubarb seeds were sourced from
Alborz Province.

2.2. Preparation of Rhubarb seed extract

Rhubarb seed extract was prepared using a method
outlined in a previously published article in the
literature [69]. Rhubarb seeds (10 g) were ground
and combined with 100 mL of distilled water. The
solution was stirred on a heated stirrer at 70 °C for 2
h. Afterwards, the extract was separated by filtration
through Whatman No. 14 filter paper.

2.3. Green synthesis of AgNPs

AgNPs were green-synthesized according to a
previously published article in the literature [70]. A
mixture of 100 mL of 0.01 M AgNOs3 and 10 mL of
seed extract was stirred at 600 rpm for 24 h at
ambient temperature. AgNPs were formed when a
dark-brown color change was observed. The
solution was then subjected to multiple
centrifugation cycles at 5000 rpm for 15 min each.
This solution was heated at 60 C for 6 h to obtain a
dried product.

2.4. Adsorption experiments

Adsorption experiments are crucial for evaluating
adsorbents and their effectiveness in removing
pollutants. Kinetic and isotherm data were collected
during the experiments to assess the removal of dye
pollutants MB, MO, and ARI18. The chemical
structures of all three studied dyes are illustrates in
Scheme 1. This was done by adding a measured
amount of adsorbent to a 100 mL flask containing a
known concentration of contaminants. Initially, the
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adsorbent was mixed with the contaminant solution,
and the experiment was conducted on a shaker for
up to 50 min. An ultrasonic homogenizer was also
utilized to prevent particle aggregation and colloid
formation during the adsorption studies. Samples
were taken from the mixture at specific intervals,
and the adsorbent particles were then separated from
the liquid phase through centrifugation. In all
experiments, the adsorbent dosage was 0.8 g. This
research utilized the one-factor-at-a-time (OFAT)
method to remove MB, MO, and AR18 dyes using
synthesized AgNPs. The experimental conditions
pH (3-12), adsorbent dosage (0.1-0.8 g), contact
time (5-30 min), and initial concentration (20—60
mg/L) were investigated. Subsequently, a Shimadzu
UV-1800 double-beam UV—Vis spectrophotometer
was used to record the adsorption spectra of the
samples, measuring absorbance at the respective
maximum wavelengths for methylene blue (664
nm)[71], methyl orange (465 nm)[72], and acid red
18 (506 nm) [73] Each experiment was repeated
three times, and the average was considered at the
end.

The removal efficiency was calculated as follows

(Eq. 1):

Co_

C
Removal(%) = ® x 100 (1)

0

Where Cy and C. (mg/L) are the initial and final dye
concentrations, respectively [42].

3. Results and Discussion
3.1. Characterization of biosynthesized AgNPs

3.1.1. Naked-eye observation and UV-Vis
spectroscopy

The synthesis of AgNPs was characterized by a
color change from colorless to dark brown within 24
h (Fig 1a).
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Scheme 1. (a), The chemical structure of (a) MB, (b) MO, and (c) AR18
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Figure 1. (a) The Dye of AgNPs after 24 h and (b) the UV-Vis spectra of biosynthesized AgNPs obtained at various reaction durations

An optical characteristic named surface plasmon
resonance (SPR), which is found in noble metals,
leads to this color change [30]. Moreover, UV-Vis
spectroscopy verified the formation of AgNPs, with
adsorption was recorded over the range of 300—800
nm (Fig 1b). The extract exhibited a peak at a
wavelength of 343 nm, which was related to the
adsorption of the formation of the extract using the
biosynthesis method. After the reduction of AgNO3
using the extract, AgNPs exhibited adsorption peaks
at approximately 450 nm at different reaction times,
which were assigned to the SPR of AgNPs,
indicating the success of the process. Extending the
reaction time from 2 to 24 h led to a stronger SPR
peak observed at 451 nm. In addition, the peak
broadening at a contact time of 24 h indicates the
synthesis of AgNPs with larger sizes [4].

To estimate the optical band gap energy through
UV-Vis absorption spectrum analysis, the band gap
of the plays a crucial
photocatalysis. The differences in absorbance
among various catalysts indicate varying band gaps.
The relevant band gap energies of the nanoparticles
can be determined using the Tauc equation (Eq. 2)
[89].

materials role In

ahv = A(hv — Eg)" ()

Absorption coefficient (a); hv: Photon energy in
eV, calculated as hv = 1240/A (A in nm); Eg: Band
gap energy; n: 1/2 for direct allowed transitions,
sometimes 2 for indirect; A and n are constants. The
band gap of the optical nature of prepared samples
was calculated by extrapolating the linear portion of
hv versus (ahv)? plots to the hv axis. Photon energy
at the edge: hv = 1240/450 = 2.76 eV. In practice,

g 10.57647/jnsc.2026.1601.03

the linear region in the Tauc plot (2.5-3.5 eV range)
extrapolates to Eg = 2.8-3.2 eV for biogenic AgNPs
with SPR ~420 nm. A specific estimate for this
system is Eg = 3.0 eV (direct band gap). This
estimate comes from typical values for Rhubarb-
extract AgNPs, where the organic capping narrows
the gap slightly from pure Ag (~3.5 eV effective)
due to plasmonic enhancement. A 3.0 eV gap means
strong UV absorption (A < 413 nm), generating
electron-hole pairs that produce reactive oxygen
species (ROS) for dye degradation.

3.1.2. TEM and DLS analysis

The morphology and particle size distribution of the
biosynthesized AgNPs were studied using Zeiss
TEM 10C-1000Kv (Germany) and dynamic light
scattering (DLS), respectively. TEM confirmed the
spherical shape of the AgNPs (Fig 2a). The TEM
image reveals that biosynthesized AgNPs are
predominantly spherical and well-dispersed, with
moderate agglomeration and diameters mostly
below 20 nm. The accompanying particle size
distribution histogram shows a narrow, nearly
Gaussian profile, peaking around 10-11 nm (Fig
2b).

This indicates that most particles fall within 6—
12 nm, confirming the successful synthesis of
uniformly sized AgNPs with minimal size variation
factors. These factors are crucial for applications
requiring small, monodisperse nanomaterials such
as catalysis, antimicrobial actions, or sensing [81].
The formation of spherical nanoparticles could be
attributed to the interactions among biomolecules
present in the Rhubarb seed extract [35].
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Figure 2. (a) TEM image and (b) particle size distribution of AgNPs
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Figure 3. (a) SEM image and (b) EDX spectrum of biosynthesized AgNPs.

3.1.3. SEM and EDX analysis

A SEM Zeiss Sigma 500 VP was employed to
examine the form and surface features of the
biosynthesized AgNPs. The biosynthesized AgNPs
with a generally spherical shape and some degree of
aggregation, indicating effective nanoparticle
formation and stabilization by biological agents (Fig
3a). Coating agents, such as organic molecules, may
have caused NP aggregation [43]. The elemental
makeup of the biosynthesized AgNPs was analyzed
through EDX spectroscopy. The accompanying
EDX spectrum confirms a high silver content (40.81
wt%), with additional minor elements such as
carbon, oxygen, fluorine, and chlorine, which
originate from organic biomolecules and precursors
used during biosynthesis, suggesting successful
reduction and capping of AgNPs (Fig 3b). This peak
appeared at approximately 3 keV owing to the SPR
phenomenon [44]. There are carbon (C) and oxygen
(O) peaks with weights of 35.91% and 7.42%,
respectively, which can be attributed to the presence
of C-C, C-H, C-OH, C=0, and C-O-C [35]. These

d-} 10.57647/jnsc.2026.1601.03

o 7.42
F 10.92
si 0.51
P 0.35
c 2.08
Ag  40.81

keV

signals in the EDX profile may also be caused by
biomolecules attached to the surface of the AgNPs
[87]. This combination of SEM and EDX analysis
verifies the formation, purity, and bio-organic nature
of AgNPs synthesized through a green route.

3.1.4. FTIR analysis

The functional groups of the extract and produced
AgNPs were analyzed with a PerkinElmer Spectrum
100 FTIR spectrophotometer (USA) using KBr
pellets over the 4000-400 c¢m’' range which is
illustrates in Fig. 4 spectra of Rhubarb seed extract
and biosynthesized AgNPs using seed extract. The
major absorption peak in the seed extract appeared
at 3417 cm’! which is related to the O-H stretching
vibration. The weak peak around 2900 cm™ is due to
the stretching vibration of C-H [36]. The peak at
1617 cm™ can be assigned to the stretching
vibrations of the aliphatic C=C group [34]. The C-
N stretching vibration is observed at 1352 cm’!
[40,45]. The sharp peak at 1026 cm™' is ascribed to
C-O-C and secondary OH groups [46].
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Figure 4. FTIR spectra of Rhubarb seed extract and biosynthesized AgNPs using seed extract
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Figure 5. XRD pattern of biosynthesized AgNPs using seed extract

The peak detected at 608 cm™! is attributed to the
C—CI stretching vibration within the alkyl group
[44]. Some of the peaks of the seed extract were
shifted in the synthesized AgNPs, such as 1617 cm”
'to 1603 cm™ and 1026 cm™ to 1024 cm™'. The peak
observed at 1211 c¢cm! corresponds to the C-N
stretching vibration of the amine group [42]. The
bending vibration of N-H appears at 1516 cm™' [33].

3.1.5. XRD analysis

Malvern Panalytical XRD with Cu-Ka radiation
with 20 values ranging from 10° to 80° was used to
study the crystalline nature of biosynthesized
AgNPs (Fig 4). Bragg reflections appeared at 2
equal of 27.96°, 32.45c, 38.17°, 44.26°, 46.37°,

g 10.57647/jnsc.2026.1601.03

64.64°, and 77.59°, which can be assigned to the
(210), (122), (111), (200), (231), (220), and (311)
planes, respectively (Fig 5). The reported values
closely match those provided by the Joint
Committee on Powder Diffraction Standards
(JCPDS), Card No. 04-0783, for silver with a face-
centered cubic (FCC) structure [34,47]. The average
crystallite size (Dp) of the biosynthesized AgNPs
can be calculated using Debye—Scherrer (Eq. 3)
[88]:

o _ Kz
P B cosh

)

Where Dp is the crystallite size of materials, 0 is
half of Bragg's angle in degrees, B is the corrected
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half of the diffraction peak in radians, A= 0.15406
nm is the X-ray wavelength for CuKa source, and k
is a crystallite shape factor usually taken as 0.94. For
the characteristic peaks at 27.96°, 32.45, 38.17¢,
44.26°, 46.37°, 64.64°, and 77.59°, Dp was
calculated to be 5.12, 8.79, 11.58, 13.25, 14.88,
16.34, and 19.40, respectively. This indicates that
the biosynthesized AgNPs have an average size of
12.22 nm. XRD analysis is utilized to evaluate the
stability of silver nanoparticles biosynthesized
through the adsorption process by examining the
crystallinity and structural integrity of the particles.
Stable AgNPs generally exhibit sharp characteristic
peaks in the XRD pattern at positions corresponding
to the (111), (200), (220), and (311) planes of the
FCC structure. The lack of peak broadening or shifts
after adsorption indicates that the nanoparticles
remain crystalline, unaggregated, and structurally
stable, making them suitable for repeated dye
removal applications [78].

3.2. The effect of different factors on the removal
of dyes

3.2.1. The effect of pH

One of the important factors influencing the
adsorption of dyes onto AgNPs is the pH of the
solution. (Fig 6a) shows the effect of pH on the
removal of MB, MO, and AR18. By dissolving MB
as a basic dye in water, positively charged ions are
generated. Therefore, as the pH of the dye solution
increases, the electrostatic attraction between the
positively charged dye and the negatively charged
adsorbent due to the presence of functional groups
such as amino and hydroxyl groups occurs [6,7].
The maximum percentage removal (96.83%) of MB
by AgNPs was related to a pH of 11. As shown, by
increasing the pH from 3 to 9, the removal efficiency
was enhanced from 33.62% to 96.88%. Increasing
the pH beyond this point did not result in a notable
difference in removal efficiency. Methyl orange is
an anionic dye bearing a negative charge. Under
acidic conditions, hydronium ions predominate and
can occupy vacant adsorbent surface sites, while the
positively charged sites attract MO molecules. As
the pH increased, the number of positively charged
sites on the adsorbent decreased. Therefore, a
significant increase in the adsorption of MO
molecules on the adsorbent surface was observed
with increasing pH [11]. Silver nanoparticles release
silver ions (Ag") during the adsorption process
primarily through surface oxidation, facilitated by
their small size and high surface area. This
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accelerates ion dissolution compared to bulk silver.
Initially, ion leaching occurs rapidly, but then slows
as the nanoparticles age or degrade [61].
Environmental factors such as pH, oxygen, and light
further influence the rate of ion release. The released
silver ions contribute to the antimicrobial and
adsorptive properties of AgNPs but also pose
potential toxicity risks in aqueous environments.
The presence of an oxide layer on AgNPs can
control the rate of ion release, balancing efficacy and
stability during adsorption [62]. The maximum
removal efficiency of AR18 dye (96.79%) occurred
at pH 5, likely due to the abundance of positive
charges on the adsorbent surface and the negatively
charged AR18 molecules under acidic conditions,
promoting electrostatic attraction and enhancing
pollutant uptake [2].

3.2.2. The effect of adsorbent dosage

One of the most important factors in studying the
pollutant removal process is investigating the
optimal dosage of adsorbent for maximum
adsorption and removal efficiency. In this research,
the impact of varying adsorbent amounts on the
removal of MB, MO, and AR18 was assessed by
introducing different adsorbent weights into 100 ml
of pollutant-containing solution, while keeping
other variables constant. The surface active sites of
the adsorbent significantly influence the elimination
of dye pollutants from wastewater. The balance of
the adsorbate-adsorbent is determined by the
amount of adsorbent, and with its help, it is possible
to predict the cost of treatment in the desired system
[11]. The effect of adsorbent dosage on the removal
of the specified dyes was examined within the range
of 0.1 to 0.8 g (Fig 6b). The removal efficiency rose
as the adsorbent dosage increased from 0.1 t0 0.8 g,
due to the greater available surface area and number
of active sites, but subsequently declined as the
surface became saturated [13].

3.2.3. The effect of contact time

The impact of contact time critically influences the
evaluation of adsorbent performance. Accordingly,
the adsorption of MB, MO, and ARI8 by the
synthesized materials was tested over a period of 5—
30 min under constant room temperature conditions.
Contact time was investigated over the range of 5 to
30 min, with the maximum removal efficiency
(exceeding 95%) achieved at 20 min for all dyes (Fig
6¢). The adsorption of all three dyes consisted of two
phases. In the initial stage, adsorption proceeds
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rapidly due to the large number of vacant active sites
on the adsorbent surface available for dye molecule
interaction. In the second phase, the adsorption rate
is slower because the available active sites are
reduced, which tends to slow down the adsorption
process and then becomes constant [1,3].

3.2.4. The effect of initial concentration

The impact of initial concentration on removal

efficiency = was  examined using  various
concentrations in a 100 mL solution containing dye
contaminants. The removal efficiency at variable
dye concentrations (20-60 mg/L) was assessed (Fig
6d). The removal percentage increased with dye
concentration up to 30 mg/L. Furthermore, an
increase in dye concentration led to a decrease in the
removal efficiency.

At low concentrations, empty active sites are
present on the adsorbent surface [6]. As the initial
dye concentration increased, the removal percentage
gradually decreased, possibly due to the saturation
of'the available active sites [47]. Therefore, an initial
concentration of 30 mg/L was chosen as optimal,
achieving a maximum removal efficiency greater
than 96%.
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3.3. Adsorption isotherm

This study evaluated the experimental results using
two isotherm models, Langmuir and Freundlich.
According to the Langmuir model, adsorption takes
place uniformly at active sites on the adsorbent
surface, interactions between adsorbate
molecules prevent the formation of multilayer
coverage, resulting in a single adsorbed layer. The
linear Langmuir isotherm can be expressed as
follows (Eq. 4):

where

de B QmKL a

C 1 C
e + e (4)

Where C. (mg/L) and g. (mg/g) denote the
adsorbate concentration and adsorption capacity at
equilibrium, respectively. Kp (L/g) and gm (mg/g)
are assigned to the Langmuir adsorption energy
constant and the maximum adsorption capacity,
respectively, which were calculated by plotting
C./qe versus C. (Fig 7a) using the slope and intercept
values of the linear equation [48].
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Figure 6. The impact of (a) pH, (b) adsorbent amount, (c) contact duration, and (d) starting concentration on the removal efficiency of MB,

MO, and AR18 was evaluated
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The qmax values of the biosynthesized AgNPs for
the adsorption of MB, MO, and AR18 were 40.16,
50.76, and 44.64 mg/g, respectively. The close
alignment of the experimental results with the
Langmuir model suggests a constant, dimensionless
separation factor (Rr) (Eq. 5).

1

R,=——
"T1+ K0,

(5)

Herein, the maximum initial concentration of the
pollutant and the adsorption nature are demonstrated
by Co (mg/L) and RL, respectively. The irreversible,
favorable, linear, and unfavorable adsorption is
specified by RL=0,0 <Ry <1,Rr =1, and Ry > 1,
respectively [49]. The Ry values for MB, MO, and
ARI18 were 0.2687, 0.06737, and 0.1233,
respectively, demonstrating favorable monolayer
adsorption.In contrast, the Freundlich model can
describe heterogeneous surfaces and multilayer
adsorption processes, and its linear form is shown in

(Eq. 6).
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1
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Where Kr and 1/n represent the constant parameters
related to the adsorption capacity and intensity of the
adsorption, respectively, which were determined
using the slope and intercept of the log q. versus log
C. plot (Fig 7b) [50]. The results revealed that 1/n
for all three dyes was less than 1 (MB=0.4542,
MO=0.3900, AR18=0.4889), which proves the
desirability of adsorbing the dyes on the adsorbent,
and n greater than 1 show that the processes are
physical. In addition, a higher Kr value indicates
better adsorption [51]. Table1 presents the
calculated parameter values for both isotherm
models applied to the three dyes. Due to the larger
coefficient of determination (R?) of the Langmuir
isotherm, it can be said that the adsorption of dyes
follows this isotherm.
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Figure 7. (a) Langmuir and (b) Freundlich adsorption models applied to the removal of MB, MO, and AR18 with biosynthesized AgNPs

Table 1. Parameters derived from isotherm models for the removal of MB, MO, and AR18

Isotherms Parameters MB MO ARI18

Langmuir ¢. (mg/g) 40.16 50.76 44.64
K (L/mg) 9068 0.4614 0.237
R’ 0.9998 0.9994 0.9995
R 2687 0.06737 1233

Freundlich Kr (mg/g).(L/mg)"" 5.497 19.48 8.757
1/n 4542 0.39 4889
R’ 0.9775 0.9581 0.9619
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Figure 8. (a) Pseudo first-order and (b) Pseudo second-order kinetic models for the adsorption of MB, MO, and AR18 with biosynthesized
AgNPs
Table 2. Kinetic parameters obtained for the removal of MB, MO, and AR18

Kinetic Parameters MB MO ARI18

Pseudo-first-order ki (1/min) 0.0159 0.057 0.0567
ge (cal) (mg/g) 3.59 11.21 8.788
R’ 0.8948 0.9325 0.9388

Pseudo-second-order k> (g/mg.min)  0.0111 1.11x10° 1.90x1073
ge (cal) (mg/g) 35.33  41.66 35.84
R? 0.9998 0.9992 0.9991
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3.4. Kinetic study

Adsorption kinetics are essential in designing any
adsorption system because they predict the rate of
adsorption in a specific setup. Pseudo-first-order
(PFO) and pseudo-second-order (PSO) kinetics are
suitable for dye removal because they account for
the main rate-controlling steps typically seen in
adsorption systems: external diffusion and surface
interactions (PFO) versus chemisorption or surface-
reaction processes (PSO) [58]. In practice, many
dye-adsorbent systems exhibit rapid initial uptake
that corresponds to PFO under diffusion-limited
conditions, followed by slower phases that are better
described by PSO when chemical interactions or
strong binding at active sites determine the long-
term approach to equilibrium [59]. When PSO
provides a better fit (and the derived q. matches
experimental values), it suggests chemisorption or
strong  adsorbate-surface
improvement in fit quality for PFO at early times
indicates initial diffusion-controlled uptake. Kinetic
models like pseudo-first-order (PFO) and pseudo-
second-order (PSO) are commonly applied to assess
the adsorption rate and identify the controlling step.
The mathematical form of the PFO model is given

by (Eq. 7):
In(ge — q¢) =Inq. — k(1) (7

In this context, q. (mg/g) represents the amount of
pollutant adsorbed at equilibrium, q; (mg/g) is the
dye adsorption amount at time t (min), and k;
(1/min) denotes the adsorption rate constant. The k;
and q. values were found from the slope and
intercept of the graph of Ln (qe¢—q) versus time as
given in (Fig 8a). The PSO kinetic model can be
expressed using (Eq. 8).

interactions. An

t 1 t

—=—t— (®)
q:  k.q2  q.

Where the second-order adsorption rate constant is
denoted by k, (g/mg.min). The parameters q. and k,
can be determined from the slope and intercept of
the plot of t/q; against time (Fig 8b) [52]. The
estimated parameters are presented in Table 2. The
R? values of PSO models for three dyes are higher
than PFO, which shows that the data match with the
PSO model.

3.5. Adsorption mechanism
The adsorption mechanism involves the
accumulation of molecules on a surface due to

unbalanced surface forces, resulting in physical or
chemical interactions. The fundamental adsorption
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mechanism is influenced by the adsorbent’s
characteristics, such as surface area, functional
groups, pore structure, and optimal conditions [55].
To determine the adsorption mechanism of MB,
MO, and AR18 based on the results obtained from
the AgNPs adsorbent the proposed adsorption
mechanisms were identified. The proposed
mechanism scheme, as shown in Fig 9, illustrates the
adsorption of MB, MO, and AR18 by AgNPs. An
electrostatic interaction between the functional
groups of AgNPs with the negative charge and the
positive charge (N*) in the MB structure occurs [1].
The justification for adsorption of MB onto AgNPs
based adsorbents biosynthesized from Rhubarb seed
involves a combination of surface interactions and
nanoparticle-mediated processes. In this context,
MB adsorption can be driven by -electrostatic
attraction, chemical interactions with surface
functionalities, and, in some systems, catalytic or
reductive pathways that accompany adsorption.
Below is a structured justification framework you
can apply to study results from Rhubarb seed
derived AgNP adsorbents [56, 57]. The effect of
electrostatic interactions and hydrogen bonds can
describe the adsorption mechanism of MO on the
surface of AgNPs. The surface of biosynthesized
AgNPs possesses some different functional groups.
MO molecules can bind to those groups such as OH
[12]. There is a positive charge on the surface of
AgNPs at low pH solutions and -electrostatic
attraction between AgNPs and opposing charges of
AR18 molecules is created, which leads to increased
dye removal [16]. In order to propose a mechanism
for the photocatalytic degradation of dye molecules
by nanocomposites, a study conducted by M.K.H.
Shishir et al.[60] (2026) aimed to confirm the
degradation pathway and the extent of
mineralization after irradiation. The nanocomposite
adsorbs light and generates electron-hole pairs.
These charge carriers produce reactive oxygen
species (-OH, Oy) that attack dye molecules,
breaking chromophores and aromatic rings, leading
to intermediates and ultimately mineralization to
CO; and HO. The presence of heterogeneous
junctions, plasmonic components, or defect sites
enhances charge separation and radical formation,
accelerating the degradation process. Verification
should include the identification of intermediates,
Total Organic Carbon (TOC) analysis for
mineralization, radical trapping experiments to
confirm active species, and surface analyses
(FTIR/XPS) to observe bond changes and ensure
that the observed dye loss is related to true
mineralization and not simply decolorization.
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Figure 9. Schematic diagram of the possible adsorption mechanism of MB, MO, and AR18 on AgNPs

The porous structure of AgNPs, combined with
their surface chemistry, creates a synergistic effect
that significantly enhances the removal of dyes from
water. AgNPs provide a high surface area and
tailored pore size, offering abundant adsorption sites
and facilitating interactions through hydrogen
bonding with dye molecules. Meanwhile, they
contribute diverse surface functional groups and
additional porosity, strengthening adsorption
through m-m interactions and electrostatic
interactions. Together, these materials form a
composite that maximizes adsorption capacity and
efficiency, enabling the effective removal of dyes.
This makes it a promising material for water
purification applications.

3.6. Comparative study

Table 3 displays the maximum adsorption capacity
(gqmax), removal efficiency, and contact time of
biosynthesized AgNPs in this study in comparison
with other adsorbents for the removal of MB, MO,
and AR18 (Table 3). Two adsorbents activated
carbon developed by Ficus carica bast and Anchote
peel show a higher adsorption capacity compared to
the present study because they had a higher contact
time. The gmax values and percentage removal of

g 10.57647/ins¢.2026.1601.03

other adsorbents even with higher contact time are
lower than those reported for biosynthesized AgNPs
using Rhubarb seed extract. The results
demonstrated the high efficiency of the proposed
green adsorbent compared to other adsorbents. The
biosynthesized AgNPs exhibit excellent adsorption
performance due to their relatively large particle
sizes (about 30-70 nm), negative surface charge, and
bio-functional groups from natural capping agents
such as flavonoids and proteins that enhance
stability and pollutant binding. These green-
synthesized AgNPs display strong surface plasmon
resonance and spherical morphology, facilitating
hydrophobic interactions, hydrogen bonding, and
electrostatic interactions with pollutants. This
contributes to effective adsorption and catalytic
degradation of dyes like methylene blue [63].
Compared to chemically synthesized or other
nanoparticle systems, biosynthesized AgNPs
demonstrate competitive or superior adsorption
efficiency.

This is thanks to eco-friendly synthesis routes
that impart additional functional groups and surface
reactivity, ensuring rapid adsorption kinetics and
eco-compatible pollutant removal. This validates
their novelty and significance in environmental
remediation applications [64].
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Table 3. Comparison of adsorption capacities of various adsorbents for the removal of MB, MO, and AR18

Adsorbent Dyes Qmax Removal efficiency Time Ref.
(mg/g) (%) (min)

AgNPs/ functionalized-silica Indigo Carmine (IC) 73.05 96.38 20 [82]
AgNPs loaded on Chitosan MB --- >70 120 [83]
(AgCS)
AgNPs/GO MB - 98 <5 [84]
Ag® MB --- 100 10 [85]
Solanum tuberosum peel Bromophenol Blue 9.604 88.5 120 [86]
(STpe)-AgNP (BB)
AgNPs MB 40.16 >95.00 20 Present study
AgNPs MO 50.76 >95.00 20 Present study
AgNPs ARI18 44.64 >95.00 20 Present study

4. Conclusion References

This research presents an eco-friendly method for
producing AgNPs utilizing Rhubarb seed extract.
Characterization of fabricated biosynthesized AgNPs was
accomplished using UV-Vis spectrophotometer, TEM,
SEM, XRD, FTIR, and EDX. The ability of the AgNPs to
remove MB, MO, and AR18 was investigated in batch
studies with different experimental parameters, including
the solution pH, adsorbent dosage, contact time, and
initial dye concentration. The adsorption follows the
Langmuir isotherm model and adheres to pseudo-second-
order kinetics. The proposed method does not require
organic solvents and surfactants, so it is nature-friendly.
Furthermore, this method is cost-effective, simple, and
rapid with high efficiency for the removal of MB, MO,
and AR18 from aqueous media. The results indicate that
biosynthesized AgNPs are effective and promising

adsorbents for removing various dyes from industrial
wastewater.
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