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Beetroot, structure, with maximum absorbance peaks at 439 nm for AgNPs.BR and
Catalytic degradation. 434 nm for AgNPs.MS. Catalytic activity in reducing methylene blue was

verified through surface plasmon resonance (SPR) spectroscopy. Kinetic
data were analyzed using pseudo-first-order, pseudo-second-order,
intraparticle diffusion, and Elovich models. The enhanced reduction of
methylene blue (MB) in the presence of 0.008 g AgNPs.BR and 0.005 g
AgNPs.MS, with rate constants of 0.024 min™” and 0.097 min!
respectively, demonstrated the significant catalytic potential of these

nanoparticles.
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MB, a cationic dye with an intense blue color, is toxic
and persistent in the environment, posing a threat to
aquatic life and human health [1]. Conventional
wastewater treatment methods, such as physical and
chemical processes, often fall short in effectively
removing MB due to its high stability and resistance to
biodegradation [2]. In recent years, nanotechnology
has emerged as a promising approach for wastewater
treatment, offering a viable alternative to conventional
methods. Among the diverse nanomaterials, silver
nanoparticles AgNPs

have garnered significant

attention due to their unique physicochemical
properties, including high surface area, antimicrobial
activity, and catalytic potential [3]. The synthesis of
AgNPs using plant extracts, known as plant-mediated
synthesis, offers a sustainable and eco-friendly
approach to nanomaterial production [4].

Scientists value the biosynthesis of
nanoparticles, which utilize plant extracts as both
reducing and capping agents. This approach has
transformed traditional nanomaterial synthesis, which
relied primarily on chemical processes. The simplicity
and biocompatibility of the biosynthesis technique
have appealed to researchers for years, making it a
sustainable and cost-effective option for nanoparticle
synthesis.

Silver nanoparticles are among the noble
metals that have been successfully utilized to create
nanoparticles using various methods, including
chemical reduction, microemulsions, hybrid methods,
photochemical reduction, sonoelectrochemical, and
microwave-based systems. The production of silver
nanoparticles in a green manner, with the help of
plants, has gained significant attention in recent years
due to the environmental concerns associated with
traditional synthetic methods that rely on hazardous
chemicals or are expensive. Green synthetic techniques
utilize naturally occurring reducing and capping
agents, such as plant extracts, sugars, biodegradable

polymers, and microbes, to produce nanoparticles.
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Plant extracts are becoming a popular choice as
reducing and capping agents due to their low toxicity,
cost-effectiveness, and lack of requirement for long-
term collection of microbial cultures. The use of plant-
derived nanomaterials is a promising area of research,
due to their potential to create nanomaterials with
unique properties and applications while also being
sustainable and environmentally friendly.

Plant extracts contain a rich array of bioactive
compounds, such as polyphenols, flavonoids, and
carbohydrates, which can act as reducing and
stabilizing agents during the synthesis of AgNPs [5].
These biomolecules facilitate the formation of AgNPs
with controlled size, morphology, and dispersity [6].
The plant-mediated synthesis of AgNPs has gained
significant momentum in recent years due to its
simplicity, cost-effectiveness, and environmental
friendliness. Researchers have explored a wide range
of plant extracts for the synthesis of AgNPs with
diverse properties and applications.

Numerous studies have demonstrated the
successful synthesis of AgNPs using various plant
parts such as leaves, roots, seeds, stems, and fruits. For

example, plants like Rosmarinus officinalis[7], lllicium

verum[8], Gloriosa superba[9], Cassia tora[10],
Phlomis[11], pennyroyal[12], Ferula persica[13],
Lantana camara[l4], Eucalyptus[15], Malva

parviflora[16], Butea monospermal[l7], and Rosa
indica[18] have been used in AgNPs synthesis.
Several studies have demonstrated the
effectiveness of biosynthesized silver nanoparticles in
catalytic dye reduction and detection applications. In
2023, Moond et al. [19] synthesized AgNPs using an
aqueous extract of fenugreek (Trigonella foenum-
graecum L.) leaves and demonstrated their efficacy in
removing MB, methyl orange (MO), and rhodamine B
(RhB) dyes from wastewater. The AgNPs exhibited
excellent catalytic activity, leading to a significant
reduction in MB concentration within a short time

frame. Samari et al. utilized mango leaf extract to
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synthesize AgNPs, which effectively reduced MB and
(RhB) dyes in 12 and 8 minutes, respectively [20]. In
2023, Sharmin et al. [21] reported the synthesis of
AgNPs using Leea macrophylla (LM) leaf extract,
which is rich in phytochemicals. These biogenic
AgNPs exhibited promising antibacterial and catalytic
activities, highlighting the potential of LM extract for
green  nanomaterial ~ production  with  diverse
applications. Sooraj et al. reported the green synthesis
of AgNPs using Sida retusa leaf extract, with the
nanoparticles catalyzing NaBH4 reduction of MB and
MO, achieving complete reduction within 10 and 9
minutes, respectively [22].

These studies highlight the potential of plant-
mediated AgNPs synthesis for developing sustainable
and eco-friendly solutions for dye removal.

Nowadays, organic dyes are the primary
cause of water pollution, making them the main
contributors to severe contamination. Many industries,
paper, food,

pharmaceuticals, cosmetics, leather, and printing, use

including  those in textiles,
organic dyes extensively as colorants, such as those
present in the textile, paper, culinary, pharmaceutical,
cosmetic, leather, and printing sectors. Due to their
severe health risks, it is crucial to remove organic dyes
specifically from drinking water.

On the basis of the above-mentioned
information, MS and Beetroot plants were chosen as
reduction agents for synthesis of silver nanoparticles.
Specifically, MS, a common herb with a rich history of
medicinal use, contains bioactive compounds such as
polysaccharides, polyphenols, vitamins, mucilage,
flavonoids, and unsaturated fatty acids, which have
significant  antioxidant, anti-inflammatory, and
therapeutic effects. BR, a culinary vegetable, another
valuable plant, is rich in vitamins and antioxidants like
polyphenols and betalains, which have notable
antioxidant, anti-inflammatory, hepatoprotective, and
antitumor properties [23, 24]. The presence of these

bioactive molecules in MS and BR extracts makes
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them promising candidates for reducing and stabilizing
AgNPs biosynthesis.

This study investigates the optimal synthesis
conditions and assesses the influence of various
parameters, including pH, extract volume, salt
concentration, temperature, and time, on nanoparticle
The
characterized using UV-Vis spectrophotometry, FT-
IR, XRD, SEM, and TEM techniques. Furthermore,

their catalytic activity in the reduction of MB in the

synthesis. green-synthesized AgNPs were

presence of sodium borohydride (NaBH4) was
examined. Understanding the kinetics of dye removal
is crucial for optimizing wastewater treatment
processes and designing efficient adsorbent systems.
Various kinetic models have been employed to
describe the adsorption of dyes onto silver
nanoparticles AgNPs in their catalytic activity.

In this study, we investigated the Kinetics of
MB removal using AgNPs synthesized from aqueous
extracts of MS and BR. The pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and
Elovich models were employed to analyze the

adsorption mechanism.

EXPERIMENTAL

Reagents

Fresh samples of BR and MS were obtained
from a local market in Arak, Iran. All chemicals,
including silver nitrate (AgNOs), NaBH., and MB,
were purchased from Merck Company.
Preparation of BR and MS Extracts

The preparation of BR and MS extracts
followed the method described in our previous work
[25, 26]. Briefly, fresh BR and MS samples were
thoroughly washed with tap water followed by
deionized water to remove any impurities. The washed
samples were then shade-dried at room temperature
and finely ground using a mortar and pestle.
Subsequently, 10 g of the BR or MS powder was mixed

with 100 mL of deionized water and boiled for 5
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minutes. The boiled mixtures were filtered, and the
filtrates were centrifuged at 4000 rpm. The resulting
extracts were stored in a refrigerator for further
experiments.
Biosynthesis of silver nanoparticles

AgNPs were biosynthesized using fresh BR
and MS extracts. A stock solution of 0.0045 M AgNOs
was prepared by dissolving the appropriate amount of
AgNO:s in 100 mL of deionized water. The addition of
the plant extracts to the AgNOs solution resulted in a
color change to brown. This color change is attributed
to the reduction of Ag' ions to metallic Ag®
nanoparticles and the excitation of SPR within the
nanoparticles, indicating their successful formation.
Several key parameters, such as extract volume, salt
solution concentration, pH, temperature, and reaction
time, can influence the properties of the synthesized
nanoparticles. We have previously investigated the
effect of these parameters to establish the optimal
conditions for the green synthesis of AgNPs using BR
and MS extracts. The synthesized AgNPs from BR and
MS extracts were named AgNPs.BR and AgNPs.MS,
respectively. These nanoparticles were subsequently
characterized using various techniques, including UV-
visible spectroscopy, FT-IR, XRD, SEM, and TEM to

determine their morphology, composition, and
crystalline structure.
Characterization Technigues

The  morphology, composition, and
crystalline structure of the AgNPs were investigated
using various instrumental techniques. UV-Vis

spectroscopy was employed to analyze the samples in
the wavelength range of 300-800 nm using an Agilent
8541 spectrophotometer. FT-IR spectroscopy was
performed on the samples in the range of 400—4000
Perkin

spectrophotometer. XRD patterns were obtained using

cm!'  using a Elmer  Spectrum
a Philips X'pert Pro X-ray diffractometer with Cu Ka
radiation (A = 1.54 A). Finally, the morphology of the

AgNPs was visualized using SEM on a VEGAS-
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TESCAN instrument and TEM on a Philips CM120
instrument.
Evaluation of Catalytic Activity for Methylene Blue
Reduction

The catalytic activity of the biosynthesized
silver nanoparticles (AgNPs.BR and AgNPs.MS) was
assessed using the reduction of MB dye in the presence
of NaBH4 as a model reaction. This reaction system is
widely employed for evaluating the catalytic potential
of nanomaterials due to its simplicity and the well-
defined characteristic peak of MB in the UV-visible
spectrum.

To prepare the catalyst solutions, known
quantities of AgNPs.BR (0.008 g) and AgNPs.MS
(0.005 g) were individually dispersed in 25 mL of
deionized water using ultrasonication for a specified
time to achieve homogeneous dispersion. This step is
crucial for maximizing the available surface area of the
AgNPs, which is essential for optimal catalytic
activity.

The reaction mixture for testing the catalytic activity of
the synthesized AgNPs was prepared by adding a
predetermined volume (100 pL) of 0.01 M NaBH,4
solution to the dispersed AgNPs. The dispersion and
NaBH4
Subsequently, a specific volume (3 mL) of MB

solution were then mixed thoroughly.
solution at 10 UM concentration was added to the
reaction mixture to initiate the reduction reaction.

The reduction of MB dye was monitored by
measuring its absorbance spectrum at different reaction
times using a UV-visible spectrophotometer. MB
exhibits a characteristic absorption peak at a specific
wavelength (665 nm) in its oxidized form. Gradually
decreasing the intensity of this peak indicates the
conversion of MB to its colorless form as the reduction
reaction progresses. The decrease in absorbance at the
peak wavelength can be quantified and used to
calculate the reaction rate and the catalytic efficiency
of the AgNPs.

RESULTS AND DISCUSSIONS
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Effect of influential Parameters on Silver Nanoparticle
Synthesis

The influence of crucial parameters on AgNPs
synthesis has been investigated in our previous study,
and a summary of the findings is presented here.
Effect of pH

The optimal pH for AgNPs formation was
determined by mixing 0.5 mL each of BR and MS
extracts with 5 mL of 0.001 M AgNO: solution
adjusted to different pH values (2, 4, 6, 8, and 10) using
0.1 M NaOH and HCI. As shown in Figure 1(a), no
characteristic peak between 350 and 700 nm was
observed at pH 2 and 4 for either extract mixture.
However, a distinct peak emerged upon increasing the
pH from 6 to 10, indicating the SPR of AgNPs.

The pH of the reaction mixture significantly
affects the reduction process and the stability of the
synthesized AgNPs. Alkaline conditions (higher pH)
generally favor the formation of smaller AgNPs due to
the enhanced electrostatic repulsion between the
nanoparticles [27]. Increased alkalinity (pH) facilitates
the hydrolysis of polyphenolic and flavonoid
compounds present in both BR and MS extracts,
rendering them more potent reducing agents for Ag*
ion reduction [28].

Effect of Extract Volume

To optimize the extract volume for AgNPs
synthesis, 5 mL of 0.001 M AgNO; solution was
prepared, followed by the addition of varying volumes
of BR and MS extracts at the optimal pH and room
temperature. As shown in Figure 1(b), the UV-Vis
spectra revealed a red shift in the absorption peaks for
both AgNPs.BR and AgNPs.MS with increasing
extract volume (from 366 nm and 448 nm to 376 nm
and 478 nm, respectively). This red shift suggests the
formation of larger nanoparticles at higher extract
concentrations. This phenomenon can be attributed to
the presence of excess biomolecules interacting with
formed AgNPs at high

promoting further nucleation and

the newly extract

concentrations,
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growth [27]. Conversely, the increasing intensity of the
absorption peaks with increasing extract volume
indicates a higher concentration of AgNPs in the
reaction mixture [16].
Effect of Salt Concentration

The effect of AgNOs concentration on AgNPS
formation is depicted Notably,
AgNPs.BR and AgNPs.MS were

synthesized at all precursor concentrations employed.

in Figure 1(c).

successfully

Interestingly, the observed peaks broadened and
shifted towards lower wavelengths with increasing
AgNO:;
continuous synthesis of AgNPs.BR and AgNPs.MS

without significant agglomeration at higher silver ion

concentration. This trend suggests the

concentrations. The increased availability of Ag* ions
in solution likely leads to the formation of more
nanoparticles, influencing both their size and
distribution [29]. The concentration of AgNOs solution
significantly impacts the size and morphology of the
biosynthesized AgNPs. Higher AgNOs concentrations
generally lead to the formation of larger AgNPs due to
the increased availability of silver ions for reduction.
Effect of reaction temperature

The influence of reaction temperature on the
biosynthesis of AgNPs was investigated under
optimized conditions. As depicted in Figure 1(d), the
UV-Vis spectra show an increase in the biosynthesis of
AgNPs for both BR and MS extracts with increasing
temperature. The reaction temperature also influences
the size and morphology of the AgNPs. Higher
temperatures typically lead to the formation of larger
AgNPs due to the increased reaction rate and
aggregation of nanoparticles [30].
Effect of reaction time

In addition to the previously optimized
conditions, the influence of reaction time on the
biosynthesis of AgNPs was explored under various
conditions (Figure 1(e)). It was observed that, with the
AgNPs.MS, extending the reaction time from 10 to 120

minutes led to an increase in peak intensity, indicating
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an increased yield of nanoparticles. Additionally, the
peak sharpened, suggesting a more uniform size
distribution [31].
However, the opposite trend was observed with the
AgNPs.BR. While the formation of AgNPs.BR
commenced promptly within 15 minutes, the optimal
reaction time for obtaining a high yield and potentially
more uniform particles was determined to be 60
minutes.
Mechanism of bioreduction and stabilization

The plant extracts of BR and MS are rich in
various phytochemicals, particularly flavonoids and
polyphenolic compounds, which play vital roles in both
reducing and stabilizing the particles. The process
commences with the addition of the extract to the
AgNOs solution, wherein the phytochemicals donate
electrons to Ag* ions, which are then reduced to Ag°
atoms, leading to the formation of AgNPs [32]. The
biomolecules then effectively cap the newly formed
particles, preventing aggregation and stabilizing their
structure.
conditions  for
AgNPs.MS and AgNPs.BR production were identified,

and the mechanism of bioreduction and stabilization

In  conclusion, optimal

was elucidated. It was found that AgNPs.MS formation
is optimal at pH 8, an extract volume of 8 mL, and a
reaction time of 120 minutes at 80°C, while AgNPs.BR
formation is optimized at pH 10, an extract volume of
2 mL, and a reaction time of 60 minutes at room
temperature.
Characterization of AGNPs.BR and AgNPs.MS

In order to study the properties of
biosynthesized AgNPs using BR and MS extracts,
various characterization techniques such as UV-Vis
absorption spectra, FT-IR spectroscopy, XRD patterns,
SEM and EMP were employed.

UV-Visible Spectroscopy
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Figure 2 presents the UV-Vis absorption
spectra of the colloidal AgNPs.BR and AgNPs.MS.
The color change of the plant extracts from ruby red
(BR) and pale pink (MS) to brown upon the addition of
AgNO:; indicates the formation of AgNPs.BR and
AgNPs.MS, respectively. This phenomenon can be
attributed to the excitation of SPR in the conducting
AgNPs.  The
AgNPs.BR and AgNPs.MS display maximum

absorbance at 439 nm and 434 nm, respectively, which

electrons of the biosynthesized

is consistent with the literature on silver nanoparticles

[16, 33, 34].

Fourier-Transform Infrared (FT-IR) Spectroscopy
Figure 3 displays the FT-IR spectra of

biosynthesized AgNPs.BR and AgNPs.MS under

optimal conditions. A broad peak around 3400 cm™! is

attributed to the O-H

polysaccharides present in the plant extracts. The peak

stretching vibration of

observed at 2920-2950 cm™ corresponds to the C-H
stretching vibration in alkanes or secondary amines
[27]. The sharp peak around 1630 cm™ can be assigned
to the stretching vibrations of C=C (alkene groups) and
N-H (amide groups) [28]. Additionally, the presence of
a band at 1380 cm™ suggests the presence of amide I
bonds in proteins [33]. Peaks at 1050 cm™ and 605
cm™! can be attributed to C-O-C glycosidic linkages
and out-of-plane C-H bending vibrations, respectively
[35]. By comparing the FT-IR spectra of AgNPs and
their respective extracts [25], the FT-IR spectrum of
AgNPs.BR and AgNPs.MS showed the presence of
polysaccharides and amid group as a reducing and
stabilizing agent, respectively, which was in good
agreement with other literature reports, it is evident that
the primary functional groups present in the BR and
MS extracts were responsible for the reduction of Ag*

ions to AgNPs.

J. Nanoanalysis, 10(3): 542-559, Summer 2023



S. Mehdizadeh et al. /. The catalytic potential of biosynthesized silver...

a
(a) 1 pH=2 =
AgNPs MS AgNPs BR
08 £ —pH=4
é —pH=6 =
pH=8
300 400 500 600 700 800 ——pH=10 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(b) 08 1
Pa } I —v=0.1ml
AgNPs MS e o AgNPs BR
b L ' =pgged
| ——v=025 ml
=05 ml
—v=15ml
v=2ml
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(©) 25 07 |
I AgNPs MS —C=0.001M 06 AgNPs BR —C=0.001 M
2 —C=0.003M 0' 8 ——C=0.002M
15 —C-0.005M i | ——C=0.003M
Z B 2 ——C=0.005M
02
0.1
0 0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(@ 12 =
12 AgNPsMS  __ ... °C ; AgNPsBR —T=25 Og
1 —3 . — T35
gie A\ _T;s; L 08 —T=50
g N ey 2 06 -T=70
- : T=100 0.4 —t
04 \/—\ : —T=090
02 02
0 o |
300 400 500 600 700 800 300 400 500 600 700 800
Wavelenght (nm) Wavelenght (nm)
@ AgNPs MS —— 10 min "
12 =20 min 33 & AgNPs.BR =10 min
3 ——20 min
Z % 2 /J/-\\/-\ —40 min
3 Z 2 '\7/ — = - — 2
i5 . ~———60 min
1 \/\- ——90 min
0.5 ——120mn
0
300 400 500 600 700 800
300 400 500 600 700 800 7.
Wavelength (nm) Wayslength(fim)

Figure 1. Effective parameters on synthesis of AgNPs using Malva sylvestris and Beetroot extract, a) Effect of pH; b) Effect

of extract volume; ¢) Effect of salt concentration; (d) Effect of temperature and (e) Effect of time
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Figure 2. UV-Visible spectra of AgNPs using (a) Beetroot and (b) Malva sylvestris extract at optimum conditions
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X-ray Diffraction (XRD) Analysis

The XRD patterns of dried AgNPs.BR and
AgNPs.MS are shown in Figure 4. Both patterns
display characteristic Ag peaks at 20 values of 38°
(111), 44.5° (200), 64.7° (220), and 77.7° (311),
corresponding to the face-centered cubic crystal
structure of silver nanoparticles[36]. These patterns
were compared with the standard powder diffraction
card of JCPDS silver No. 87-0717 for confirmation.
Using Debye-Scherrer's equation, the average
crystalline size of the AgNPs was calculated to be 18.5

nm for AgNPs.BR and 21.3 nm for AgNPs.MS.

SEM and TEM Analysis
SEM images (Figure 5) show the surface
morphology of silver nanoparticles synthesized from

BR and MS plant extracts. In image (a), the

nanoparticles are clustered and unevenly distributed on
the surface. This clustered structure could be due to the
aggregation of nanoparticles together, resulting in the
formation of larger clumps. In image (b), the
nanoparticles are more evenly distributed and
dispersed on the surface. The structure of the
nanoparticles in this image appears more regular and
uniform compared to image (a). The more even and
uniform distribution of nanoparticles in image (b)
indicates better control over the synthesis process [37].
Further confirmation of the well-separated and non-
agglomerated nature of the AgNPs is provided by the
TEM images in Figure 6. The average size of the
AgNPs.BR and AgNPs.MS

approximately 20 nanometers, which corresponds well

in these images is

with the results obtained from the XRD patterns of

these nanoparticles.
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Figure 4. XRD pattern of AgNPs using (a) Beetroot and (b) Malva sylvestris extract
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Figure 5. SEM images of AgNPs using (a) Beetroot and (b) Malva sylvestris extract

Figure 6. TEM images of AgNPs using (a) Beetroot and (b) Malva sylvestris extract
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Catalytic activity of biosynthesized AgNPs for
methylene blue degradation

AgNPs have gained significant attention due
to their remarkable catalytic activity in various
applications, including dye degradation [36]. This
study investigates the catalytic efficiency of
biosynthesized AgNPs.BR and AgNPs.MS extracts for
the degradation of MB dye under ultrasonic irradiation.

The catalytic activity of AgNPs.BR and
AgNPs.MS was evaluated using MB dye and freshly
prepared NaBHa4 as a reducing agent. The characteristic
absorption peak of MB in its purified form was
observed at 664 nm. The degradation mechanism can
be explained by bonding dissociation energy theory,
where the degradation reaction involves the breaking
of chemical bonds in the MB molecule [34].

Figures 7(a) and 7(b) present the UV-Vis
absorption spectra of MB solution treated with

AgNPs.BR, AgNPs.MS, and a blank experiment with

NaBHa4 only. The significant decrease in the absorption
peak intensity of MB at 664 nm in the presence of
AgNPs.BR and AgNPs.MS confirms the effective
reduction/degradation of the dye by these catalysts.
This degradation likely occurs through a two-step
process:

1 . Adsorption: MB molecules are adsorbed
onto the high surface area of the AgNPs due to weak
van der Waals forces or electrostatic interactions.

2. Electron Transfer: Electrons from the
reducing agent (BH«™ ion) are transferred to the
adsorbed MB molecules, facilitating their reduction to
colorless degradation products [38]. The large surface
area of the AgNPs acts as an electron relay, promoting
this electron transfer process. The minimal change in
absorbance observed in the blank experiment with
NaBH+ alone signifies the inability of NaBH4 to

effectively reduce MB without the catalyst.
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Figure 7. Catalytic activity of (a) AgNPs.BR and (b) AgNPs.MS in Methylene blue reduction in presence and absence of
NaBHas

Kinetic Analysis

To quantify the degradation rate of MB, the
data will be further analyzed using various kinetic
models, including pseudo-first-order, pseudo-second-
order, intra-particle diffusion, and Elovich equations
[39, 40]. The linear form of the pseudo-first-order
equation (Eg. 1) will be used as an initial step for the

kinetic analysis:

Kyt

~ 5303 1)

2.303

The linear form of the pseudo- second-order

log(qe — q¢) = logqe

equation (Eq. 2) is expressed below:

t 1 1

L= 4ot )

ac k0% qe

Where ¢q, and q, (mg/g) represent the
equilibrium concentration and the concentration of MB
at time t, respectively. k; (min?) and k, (g/ (mg.min))
are the rate constants for the pseudo-first-order and
pseudo-second-order models, respectively.

In addition to the pseudo-first-order and
pseudo-second-order models, the kinetic data were
further analyzed using the intra-particle diffusion and

Elovich models. The linear forms of these equations
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are presented below:
Intra-particle diffusion equation (Eq. 3):
qe = kt"/? + 1 3
Where, q; (mg/g) is the amount of MB
adsorbed at time t, k; (mg/(g.min °%)) is the intra-
particle diffusion rate constant, I (mg/g) is a constant
related to the boundary layer thickness, t (min) is the
reaction time.
Elovich equation (Eq. 4):
qt = BIn(ap) + B Int (4)
Where, o (mg/ (g.min)) is the

adsorption rate, B (mg/g) is the desorption coefficient

initial

and t (min) is the reaction time.

The analysis of kinetic data (Figures 8, 9 and
Table 1) using various models revealed the following:

The pseudo-first-order model: Both AgNPs
(AgNPs.BR and AgNPs.MS) have the same g, (0.001
mg/g). This indicates that both AgNPs are capable of
adsorbing a similar amount of MB. k; for AgNPs.MS
(0.097 min) is approximately 4 times higher than that
of AgNPs.BR (0.024 min'). This suggests that the
reaction rate is faster for AgNPs.MS. R? is high for
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both AgNPs (0.9705 and 0.987), indicating that the
pseudo-first-order model fits the data well for both
AgNPs. However, R? for AgNPs.MS (0.987) is slightly
higher than that of AgNPs.BR (0.9705), suggesting that
the pseudo-first-order model fits slightly better for
AgNPs.MS. Based on the data provided, it appears that
the pseudo-first-order model fits the data well for both
AgNPs.

The pseudo-second-order model:
AgNPs.MS (0.004 mg/g) is slightly higher than that of
AgNPs.BR (0.0037 mg/g). This
AgNPs.MS is capable of adsorbing a slightly higher
amount of MB. k, for AgNPs.MS (228.64 g/(mg.min))
is significantly (approximately 17%) higher than that
of AgNPs.BR (195.45 g/(mg.min)). This suggests that

the reaction rate for nanoparticles synthesized from

q. for

indicates that

AgNPs.MS is faster in the pseudo-second-order model.
R? for both AgNPs is very high (0.998 and 0.999),
indicating that the pseudo-second-order model fits the
data well for both AgNPs. However, R? for AGNPs.MS
(0.999) is slightly higher than that of AgNPs.BR
(0.998), suggesting that the pseudo-second-order
model fits slightly better for AgNPs.MS.

The The

intraparticle diffusion model is one of the models used

intraparticle diffusion model:

to study the mechanisms of adsorption in the removal
of pollutants from aqueous solutions. This model is
particularly useful for understanding the adsorption
processes within the adsorbent particles and can
provide insights into the rate and mechanism of
pollutant diffusion inside the adsorbent. The results
indicated that both types of silver nanoparticles
exhibited significant potential for MB dye removal.

However, silver nanoparticles synthesized from MS

554

extract demonstrated a higher intraparticle diffusion
rate constant k; =0.0002(mg/ (g. min®%)) compared to
those synthesized from BR extract k; =0.0001(mg/
(9.min%%)). This suggests a more efficient diffusion
within  the  MS-based
Additionally, the higher boundary layer constant (I =
0.0032 mg/g) and the closer fit of the model (R? =
0.979) for MS-based nanoparticles further support their
The BR-based
nanoparticles, while effective, showed a slightly lower
diffusion rate and model fit (R2 = 0.976).

The Elovich model: o for AgNPs.MS
(102464600 (mg/(g.min)) is
(approximately 10300 times) higher than that of
AgNPs.BR (9936500 (mg/(g.min)). This indicates that

the initial adsorption rate for nanoparticles synthesized

process nanoparticles.

superior adsorption performance.

significantly

from MS extract is much faster in the Elovich model. o
(mg/(g.min)) is also significantly (approximately 10
times) higher for AgNPs.MS (320.35 (mg/(g.min))
than for AgNPs.BR (31.006 (mg/(g.min)). This further
confirms the higher initial adsorption rate for
nanoparticles synthesized from MS extract. B is nearly
the same for both AgNPs (0.0003 mg/g for AgNPs.BR
and 0.0003 mg/g for AgNPs.MS). This parameter is
related to the surface saturation capacity for adsorption,
and the similarity in values for the two AgNPs suggests
that the surface saturation capacity for adsorption of
silver nanoparticles is similar in both cases. R? is high
for both AgNPs (0.969 and 0.9784), indicating that the
Elovich model fits the data well for both AgNPs.
However, R? for AgNPs.MS (0.9784) is slightly higher
than that of AgNPs.BR (0.969), suggesting that the

Elovich model fits slightly better for AgNPs.MS.
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Figure 8. (a) pseudo first order; (b) pseudo second order, type 1; (c) pseudo second order, type 2; (d) pseudo second order,
type 3 (e) pseudo second order, type 4; (f) intra particle diffusion and (g) Elovich equation of AgNPs.MS
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Figure 9. (a) pseudo first order; (b) pseudo second order (c intra particle diffusion and (d) Elovich equation of AgNPs.BR

Table 1. The kinetics parameters for catalytic activity of methylene blue onto AgNPs-BR and AgNPs-MS

silver nanoparticles

Model Parameter
Beetroot extract Malva sylvestris extract
ge (Mg/g) 0.001 0.001
Pseudo-first-order
ki (min 1) 0.024 0.097
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R? 0.9705 0.987
Pseudo-second-order Ge (Mg/g) 0.0037 0.004
k2 (g/(mg.min)) 195.45 228.64
R? 0.998 0.999
ki (mg/(g.min%%)) 0.0001 0.0002
Intra particle diffusion 1 (mg/g) 0.0028 0.0032
R? 0.976 0.979
o (mg/(g.min)) 9936500 102464600
Elovich B (mg/g) 0.0003 0.0003
R? 0.969 0.9784
CONCLUSION plant extracts can be effectively utilized for the

This study successfully demonstrated the
biosynthesis of AgNPs using aqueous extracts of MS
and BR. The phenolic and flavonoid compounds in
these extracts acted as efficient reducing and
stabilizing agents. A comprehensive examination of
various synthesis parameters, including pH, extract
volume, salt concentration, temperature, and time,
revealed their significant influence on the crystal size
of AgNPs.

The
characterized using several techniques, including UV-

Vis spectrophotometry, FT-IR, XRD, SEM, and TEM.

biosynthesized nanoparticles were

Both types of AgNPs exhibited a face-centered cubic
(FCC) crystal structure, with maximum absorbance
peaks at 439 nm for AgNPs.BR and 434 nm for
AgNPs.MS. Catalytic activity in the reduction of MB
was confirmed through surface plasmon resonance
spectroscopy. Kinetic data were analyzed using
pseudo-first-order, pseudo-second-order, intraparticle
The accelerated
reduction of MB in the presence of 0.008 g AgNPs.BR
and 0.005 g AgNPs.MS, with rate constants of 0.024

diffusion, and Elovich models.

min~' and 0.097 min™" respectively, highlighted the
substantial catalytic potential of these nanoparticles.

The findings of this research indicate that
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biosynthesis of silver nanoparticles, offering a simple,
environmentally friendly method with significant

catalytic applications.
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