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ABSTRACT: Green synthesis of silver nanoparticles (AgNPs)
using a plant extract has attracted significant attention in recent
years. It is found as an alternative for other physicochemical
approaches because of its simplicity, low cost, and eco-friendly
rapid steps. In the present study, Ophiorrhiza mungos (Om)-
mediated AgNPs have been shown to be effective bioadsorbents for
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found to be 80.451 mg/g and 0.041, respectively, indicating the
excellent performance and spontaneity of the process. Taking both
models under consideration, interestingly, our findings indicated a fairly cooperative multilayer adsorption that might have been
governed by chemisorption and physisorption, whereas the adsorption kinetics followed the pseudo-second-order kinetics
mechanism. The positive and low values of enthalpy (AH® = 4.91 kJ/mol) confirmed that adsorption is endothermic and physical in
nature; however, the negative free energy and positive entropy value (AS° = 53.69 J/mol K) suggested that the adsorption is
spontaneous. The biosynthesized adsorbent was successfully reused up to the fifth cycle. A proposed reaction mechanism for the
adsorption process of MB dye onto Om-AgNPs is suggested. The present study may offer a novel finding such as an effective and
sustainable approach for the removal of MB dye from water using biosynthesized Om-AgNPs as reusable adsorbents at a

comparatively faster rate at a low dose for industrial applications.

B INTRODUCTION

Green bionanotechnology plays an important role, mainly
focusing on more sustainable and safer products by reducing
waste and escaping the use of hazardous chemicals. Hence,
researchers desired to develop an alternative way for the
production of metal nanoparticles, and that has prompted
them to switch to environmentally friendly techniques named
“green synthesis”. The magical ability to develop bioactive
secondary metabolites is a gift from nature to the plant; so,
scientists have used plant extracts that contain different
phytoconstituents for the large-scale production of bioinspired
metal nanoparticles.” Secondary metabolites (e.g., terpenes,
phenolics, alkaloids, thionins, etc.) basically originated from
primary metabolites.” They have been considered to be
attention-grabbing and widely used due to their multiplicity
in their structure and their strength as a reducing agent,
subsequently stabilizing and capping nanoparticles during
synthesis.”

© 2024 The Authors. Published by
American Chemical Society
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Among the metal nanoparticles, silver nanoparticles
(AgNPs) as a catalyst4’5 in wastewater treatment, making
water filters,” in biosensors,” and in the medical field as a
therapeutic agent® have recently gained substantial attention
due to their unique properties. The electrical, optical, and
thermal properties of AgNPs can be tuned into products for a
variety of uses, from chemosensors and photovoltaics to
biological applications..9 Taken together, AgNPs are considered
as widely studied nanomaterials in the degradation of organic
dyes and, therefore, have been chosen for our investigation.
For instance, AgNPs were synthesized using Gmelina arborea

extract,'’ Achillea millefolium L. extract,’' and Hibiscus
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sabdariffa L. extract'” to examine their catalytic properties. In
addition, AgNPs were also synthesized using plants to examine
their antimicrobial, antioxidant, antibiofilm, anticoagulant,
anticancer, wound-healing activities, and so forth."> Further-
more, AgNPs are utilized in the synthesis of industrially
needed compounds in pharmaceuticals, agrochemicals, and
their intermediates.” In consequence, very recently, we have
reported on the formation of AgNPs with 17—26 nm in size
using the same plant of Ophiorrhiza genus with excellent
antibacterial and antifungal properties.'*

On the one hand, the global clothing industry is considered
one of the leading industries in the world, employing tens of
millions of workers worldwide.'> According to recent
estimates, there were over 150 billion clothing items supplied
in 2017, and by 2030, manufacturing is expected to rise by 63%
to fulfill the demand from a growing global population.'®
Around 90 million metric tons of solid waste is predicted to be
produced yearly by the sector, even at the present output
levels.'> Note that Bangladesh has approximately 7000
factories in textile sector which mainly manufacture readymade
garments, woven, and knitwear.'® Textile industries use a huge
amount of dyes to provide classic texture to fabric materials.
Various kinds of dyes (e.g,, acid dyes, basic dyes, mordant dyes,
etc.) are used in the textile dying industries for garment
production.'” MB is the most used dye that is highly soluble in
water. MB is a notable cationic dye used in the textile sector
for a wide range of applications. MB can induce eye burn,
consequently leading to permanent damage of the eyes in both
human and aquatic animals. Typically, cationic dyes, like MB,
cause huge environmental pollution as well as impose a serious
threat to living bodies."®

On the other hand, among the dye removal pathways,
adsorption is a less expensive and the most acceptable
technique than common effluent treatments to reduce the
concentration of dissolved dyes from aqueous solutions.®
When compared to other methods, adsorption is a preferable
choice on account of its ease of design and operation,
accessibility, effectiveness, immunity to harmful compounds,
and low cost of course.'' Therefore, the adsorptive removal of
MB dye has been investigated over various Ag-based
nanocomposites such as AgNPs deposited on graphene
oxide,'” AgNPs-loaded chitosan (AgCS nanocomposite),”’
AgNPs/GG (Guar Gum)/polyacrylic acid nanocomposite,”"
and Kaolin-supported AgNPs composite.22 Moreover, acti-
vated carbon-loaded titanium dioxide nanocomposites,”’
nitrogen-rich biomass-derived carbon adsorbents,” bismuth
oxyhalide solid solution,”® metal oxide nanostructures,26 metal
oxide/biochar materials,”” and poly(ethylene glycol)-modified
magnetite nanostructures”® have been reported to remove
different dyes. However, it is noticeable that preparing
nanocomposites required several preparative steps and external
chemical compounds.'”™>* For instance, Kaolin-supported
AgNPs showed substantial adsorption efficiency (98%), while
external chemicals such as sodium borohydrate (NaBH,) were
used with the catalyst for the adsorptive removal of MB dye.””

Although green synthesis of AgNPs was available for
different applications, as mentioned earlier, nevertheless, after
going through much literature, very little is known regarding
dye removal through the adsorption pathway of using green-
synthesized AgNPs, except in only a few recent liter-
ature.””””?° Sultan et al.”’ reported the synthesis of AgNPs
using L. lucium leaf extract and incorporated on the chitosan
surface. The AgNPs-loaded chitosan nanocomposites showed
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70% MB dye removal using ultrasound-assisted adsorption.
Recently, Gowda et al.*’ described the biosynthesis of UL-
AgNPs using Urena lobata (UL) leaf extract for the adsorption
of MB dye. UL-AgNPs showed an effective adsorbent (87.5%
MB removal) with the maximum adsorption capacity of 218.95
mg/g; however, the mechanism involved in the process was
unexplored in detail.”” In another report, Salvinia molesta (Sm)
AgNPs showed almost 98% MB removal with 121.04 mg/g of
ads}(z)rption capacity, while the synthesis time was long (72
h).
Thus, a simple preparation route of AgNPs using plant
extract with a high breaking down capacity of organic dyes
from aqueous medium will be highly desirable. The
Ophiorrhiza genus plant has been reported to contain various
potential secondary metabolites such as alkaloids, flavonoids,
steroids, and terpenoids, as shown in the Supporting
Information (S1). As described above, highly stable AgNPs
were synthesized through an eco-friendly approach using
aqueous leaf extracts of three Ophiorrhiza species with
excellent size-dependent antimicrobial activity.'® We have
shown that biomolecules play a crucial role in controlling the
particle size of AgNPs, assisting in the reduction of Ag* to Ag’
along with the capping and stabilizing agents of nanoparticles.
Using the Ophiorrhiza genus plant extracts, the smallest AgNPs
were attained from Ophiorrhiza mungos (17 nm), while
Ophiorrhiza harrisiana and Ophiorrhiza rugosa produced the
largest AgNPs (22 and 26 nm, respectively).'* Taken together,
within this line, in this study, we demonstrated that the Om-
mediated AgNPs, Om-AgNDPs, are highly effective and reusable
nanoadsorbents in removing MB dye from water. The
adsorption capacity was evaluated using different established
isotherm and kinetic models which may help to design reactors
for industrial application. A plausible reaction mechanism by
the Om-AgNPs material is proposed. To our knowledge, using
biosynthesized Om-AgNPs for the removal of MB dye has not
been previously reported. This adsorbent could be used to
degrade other dye molecules that could lead to a pathway in
real wastewater treatment.

B MATERIALS AND METHODS

Materials. Silver nitrate (AgNO3, >99.0%) and methylene
blue (MB) (C;¢H;sCIN;S, A, 664 nm, >97.0%) were
purchased from Merck (Germany) and Sigma-Aldrich
(Germany), respectively, and used as received. Fresh leaves
of Ophiorrhiza mungos (Om) were collected from the forest/
hilly areas of Chittagong University, Bangladesh. Deionized
(DI) water (resistivity of 18 MQ cm) and analytical grade
reagents were utilized throughout. In our experiment, the
glassware used were washed with distilled water and dried
before use.

Preparation of Leaf Extracts. The plant leaves of Om
were washed carefully with tap water and double-distilled
water, followed by sun drying. Having the fresh leaves dried,
they were powdered and stored. Then, 1 g of dried leaf powder
was added to 100 mL of DI water with stirring at 80 °C for 30
min. After cooling, it was filtered utilizing Whatman No. 1, and
the supernatant filtrate was collected for further use. The
extract was used to prepare AgNPs without further treatment.

Synthesis and Characterization of Om-AgNPs. To
synthesize Om-AgNPs, we followed the synthesis pathway that
was described in detail in our recently published reports."*
Briefly, 20 mL of prepared plant extracts was added dropwise
(for 20 min) to 100 mL of AgNO; (aq.) solution (1 mM). The

https://doi.org/10.1021/acsomega.3c05992
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Table 1. Different Adsorption Isotherm Models and Their Equations

adsorption isotherms egs

Langmuir isotherm C_ 1 Ce (3)
e Knax  Gmax
R =L (4)

L 1+ KyCe

Freundlich isotherm logq. = log K, + llog C, (s)

Temkin isotherm g.=BInA+BlnC, (6)
B = % (7)

Dubinin—Radushkevich Isotherm In g, =In g, — Be* (8)
£= RTln(l + %) ©)
E=1/2p (10)

C. = equilibrium concentration of MB dye (mg/L)

ref

32

remarks

9. = quantity of MB dye adsorbed onto the AgNPs at equilibrium (mg/g)

Gmax = Maximum monolayer adsorption capacity of adsorbent (mg/g)

K, = Langmuir adsorption constant (L/mg)

K;, R; = constant

K; = maximum adsorption capacity (mg/g) (mg/L)"/"

n (0 < n < 1) = adsorption intensity or surface heterogeneity

b = Temkin constant

A = Temkin isotherm constant (L/mg)

B = constant related to heat of absorption (J/mol)

T = absolute temperature (K)
R = gas constant (8.314 J/mol K)
E = energy (kJ/mol)

& = adsorption potential

B = D—R isotherm constant (mol?/kJ*)

mixture was stirred for 60 min at 80 °C. The dilute colloidal
solution was kept still for 24 h for complete bioreduction at
room temperature,”’ following centrifugation at 5000 rpm for
20 min. After washing, the prepared Om-AgNPs were
subjected to drying overnight at 60 °C and stored at room
temperature. To characterize Om-AgNPs, UV—visible (UV—
vis) spectrophotometry, X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectrophotometry, scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and energy-dispersive X-ray (EDX) analysis were
applied, and their detailed methodologies were described in
our recent published article.'"* X-ray photoelectron spectros-
copy (XPS) measurements were performed on a Thermo
Fisher Scientific XPS spectrometer (7 X 10~ mbar pressure)
equipped with an Al ka anode (1486.68 eV). The nano-
particles were mixed with ethanol and then dropped onto 1 X
1 cm cut slide glass, where they were then analyzed in a
spectrometer. High-resolution spectra (narrow scans) were
recorded for the Si 2p, Ca 2p, Ag 3d, C 1s, O 1s, and N 1s
regions. Data were examined using the Avantagel software,
and it is noted that curve fitting and deconvoluted data were
obtained from the software. Brunauer—Emmett—Teller (BET)
surface areas were determined on a Micromerities ASAP 2000
surface analyzer at 77 K.

Adsorption Studies. The adsorption behavior of Om-
AgNPs was studied through a batch process in heterogeneous
catalysis. To investigate the catalytic performance of Om-
AgNPs, first, MB dye solution was prepared by dissolving
0.0010 g of it in 100 mL of DI water and keeping it in the dark
at room temperature. Afterward, the effects of MB concen-
tration (10—50 mg/L), contact time (5—60 min), Om-AgNPs
concentration (20—800 mg/L), and temperature (298—318 K)
on the dye adsorption were investigated in batch experiments
(pH = 7.4). The adsorption experiments were performed in a
50 mL beaker containing 25 mL of the MB solution and an
appropriate amount of Om-AgNPs in the dark under
continuous stirring (250 rpm) for a definite time period at
predefined conditions. The mixture was heated to the desired
temperature and stirred at 250 rpm. The solution was then
filtered, and the concentration of unadsorbed dye was analyzed
using a UV—vis device (UV-1800, Shimadzu, Japan) at 664 nm
by collecting the samples at regular time intervals. Moreover,
the degradation of MB with Om leaf powder and the aqueous
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extract of Om leaf was also investigated under the optimum
conditions, as determined during the adsorption course with
Om-AgNPs. To evaluate the reusability of the catalyst, the
successive catalytic activities of Om-AgNPs were explored
following the protocol reported by Asmare et al. with slight
modifications.”” For the first cycle, 15 mg of Om-AgNPs was
added into the mixture of 25 mL of MB (10 mg/L) aqueous
solution. The mixture was stirred for predefined times at 250
rpm, and the Om-AgNPs were collected through 20 min
centrifugation at 4000 rpm and then washed with DI water and
reused for additional five cycles under the same reaction
conditions as described above. The percent (%) adsorption of
MB and the quantity adsorbed at the given time t were
calculated as follows (eqs 1 and 2)

Ci - Cf
——— X 100
G (1)

% Removal =

(G-

1

C)v
o M 2)
where, g, is the amount of MB adsorbed per unit mass of the
adsorbent (mg/g), C; is the initial MB concentration (mg/L),
C; is the final MB concentration (mg/L), C, is the residual
concentration at time f, V is the volume of MB solution (mL),
and M is the mass of the adsorbent (g). Experiments were
performed in triplicate, and the results were reported as mean
+ SD.

Adsorption Isotherms. The four popular and significant
isotherms (Table 1), Langmuir (eqs 3 and 4), Freundlich (eq
5), Temkin (egs 6 and 7), and Dubinin—Radushkevich (D—R)
(eqs 8—10) were used in the current work to examine the
adsorption of MB onto Om-AgNPs. According to Langmuir,
adsorption occurs uniformly or homogeneously within and/or
on to the adsorbent (Om-AgNPs) surface.”” The Freundlich
isotherm illustrates the heterogeneity of adsorption sites,
however, with an opposite (nonuniform) energy-level dis-
tribution.”” The Temkin isotherm shows the effects of indirect
adsorbate/adsorbent interaction on the adsorption isotherms,
and the interactions involved with the heat of adsorption were
also explained by Temkin.*> The relationship between the
energy of adsorption and the physisorption and/or chem-
isorption involved is explained by the D—R model.”

https://doi.org/10.1021/acsomega.3c05992
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Table 2. Different Adsorption Kinetic Models with Their Equations

adsorption kinetics egs

In (g. — q;) =In g, — kyt

pseudo-first-order

pseudo-second-order t— 12 E
9e kaq, 9e

q, = %ln((xﬁ) + %lnt

qt:kp\/t+C

Elovich kinetic model

intraparticular diffusion kinetic equations

(11)

(12)
(13)

(14)

ref

32

remarks

q. = quantity adsorbed at equilibrium (mg/g)
q; = quantity adsorbed at time t (mg/g)
k, = rate constant (min™')

k, = rate constant (g/mg min)

a = initial adsorption rate constant

P = surface coverage constant

k, = intraparticular diffusion rate constant (mg/(g min'/?))

C = intercept indicating thickness of the boundary layer (mg/g)

Adsorption Kinetics. The kinetics phenomenon was
evaluated by fitting the experimental values to pseudo-first
order (PFO) (eq 11), pseudo- second-order (PSO) (eq 12),
Elovich kinetic model (eq 13), and intraparticular diffusion
(IPD) kinetic (eq 14) egs (Table 2). Adsorption kinetics is
commonly detected to be a function of adsorbate concen-
tration.

Notably, the amount of dye absorbed from the liquid phase
determines how quickly MB dye adheres on to the surface of
the biosynthesized Om-AgNPs adsorbent in PFO and PSO
kinetic models.’® Besides, the Elovich model describes the
adsorption process as chemisorption, whereas IPD model is
necessary to know the rate-limiting step in the adsorption
process.”

Adsorption kinetics were certified with the nonlinear Chi-
square test (eq 15), correlation coefficient, and root-mean-
square error (RMSE):

n (g, —q.)

9>

i=1

exp_

9eal (15)

The Boyd model is provided by eqs 16 and 17 in order to
predict the actual slow step interlaying in the adsorption
process.

(16)

B, = — 0.4977 — In(1 — F) (17)

F represents the fraction of solute adsorbed at any time, ¢, and
B, is a mathematical function of F.

Adsorption Thermodynamics. Thermodynamic parame-
ters are evaluated using the following equations (eqs 18—20):

AST AR
R RT

InK° =

(18)

K, is calculated from gq,/C,, T is the temperature (K), and R is
the gas constant. AS” is the change in entropy, and AH’ is the
change in enthalpy which can be obtained from the plot of In
K, against 1/T.

/\G° = —RTInK"® (19)
AG° is the change in free energy.
In k Es +InA
nk, =— n
> RT (20)

k, is the rate constant, E, is the activation energy, and A is the
Arrhenius constant.
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B RESULTS AND DISCUSSION

Characterization of the Synthesized AgNPs. The
material (Om-AgNPs) was prepared using the aqueous leaf
extract of Om and AgNO; (1 mM) at 80 °C."* Figure la shows

|

-

Aghv.

3
5

OM-Extet

60 min
—_—

80°C

(a)

-

Aqueous AgNO, + Om leaf extract After 24 h
24h
4h
s
(b) &
2
)
c
2
£
30 min
400 500 600 700

Wavelength (nm)

Figure 1. (a) Color change and (b) UV—visible spectra during the
formation of Om-AgNPs (photographs courtesy of S. Ganguli et al.
Copyright 2023).

the color change of the aqueous Om extract from yellow to
deep-brown during the synthesis due to the surface plasmon
resonance (SPR) characteristic of AgNPs.14 The material was
intensely characterized by UV—vis, XRD, SEM, TEM, EDX,
FTIR, XPS, and N, gas adsorption—desorption analyses. A
sharp and single absorbance peak at 413 nm (Figure 1b) was
observed by UV—vis analysis, revealing the successful synthesis
of Om-AgNPs. It is worthwhile to mention that the successive
color change of the solution over the course of 24 h similar to
the UV—vis spectra can be observed from our recent report as
well.'*

The XRD patterns of Om-AgNPs are shown in Figure 2a.
The diffraction peaks are assigned to the (210), (122), (111),
(200), (231), (142), (241), (220), and (311) silver crystalline
planes of the face-centered cubic structure (JCPDS, file No.
04-0783).'* The SEM and TEM images at different
magnifications are shown in Figures 2b,d and 3a—c.
Agglomerates with spherical morphology with variable sizes
were observed in the SEM images (Figure 2b—d). A spherical

https://doi.org/10.1021/acsomega.3c05992
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Figure 3. TEM images of fresh Om-AgNPs at different magnifications
of (a) 500, (b) 100, and (c) 50 nm.
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size of ca. 17 nm was confirmed by the TEM images (Figure
3a—c). EDX data exhibited a strong signal at 3 keV due to
AgNPs as silver elements (Figure 4a).'* The weight percentage Wavenumber (cm™)

1 0,
of silver, oxygen, and carbon are 64.91, 2246, and 12.63%, Figure 4. (a) EDX spectra of Om-AgNPs and FTIR spectra of (b) leaf

respectively. tract and (c) Om-AgNPs.
The FTIR spectra of both Om and Om-AgNPs show extract and (<) Orm-AgNPs

identical characteristic peaks (Figure 4b,c). The bands
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Figure S. XPS spectra of Om-AgNPs of (a) survey, (b) Ag 3d, (c) C 1s, (d) O 1s, and (e) N 1s.

appearing at 1725, 1620, 1535, 1380, and 1065 cm! are
assignable to the carbonyl group, C=C aromatic rings, C=C
alkene, germinal methyl group, and ether linkages, respectively,
confirming that AgNPs surfaces may contain biomolecules,
which assisted in the formation of AgNPs and afterward
stabilization.”” The chemical composition and oxidation state
of the biosynthesized AgNPs were confirmed by X-ray
photoelectron spectroscopy. The survey spectrum (Figure
Sa) exhibited four strong peaks at ~370, ~285, ~531, and
~400 eV due to silver [Ag 3d], carbon [C 1s], oxygen [O 1s],
and nitrogen [N Is], respectively, indicating the presence of Ag
metal and biomolecules of leaf extract capped to AgNPs.*>**

The Ag 3d high-resolution spectrum in Figure Sb shows two
peaks at the electron binding energy values of 367.91 and
373.95 eV owing to the spin—orbit splitting of Ag 3d;,, and Ag
3d,,, core levels, respectively.”* In addition, the XPS spectrum
shows peaks at 372.08 and 378.03 eV due to the presence of
oxidized species of silver, viz, AgO or Ag02.35 The C 1Is
spectrum (Figure Sc) exhibits three peaks at 284.74, 286.38,
and 288.24 eV, assigned to carbon —C—C—, —C—O—, and
carboxyl carbon —O—C=O0, respectively.”*** The O Is
spectra in Figure S5d display two peaks at the electron binding
energy values of 531.31 and 532.50 eV. The former peak may
be ascribed to oxygen in the — C=0O group which is due to
the bonding of oxygen to the surface of AgNPs, and the latter
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corresponds to the —O—C—C—O— bonds.”””* The XPS N 1s
spectrum (Figure Se) shows two peaks at 400.00 and 398.98
eV, indicating the strong interaction between organic amine or
amide species and AgNPs.””*” Nevertheless, the presence of
biomolecules such as flavonoids, alkaloids, and tannin on the
surface of Om-AgNPs was identified by FTIR analysis and
confirmed by XPS analysis.

Further, the surface properties of AgNPs can be obtained
from the BET surface area analysis. The synthesized AgNPs
showed typical N, adsorption isotherms (Figure 6). The N,
adsorption and desorption isotherms are totally superposed,
indicating that adsorption usually takes place in the micro-
pores.”® A capillary condensation step appears at the relative
high-pressure region (P/P, > 0.70) due to the capillary
agglomeration phenomenon, and the isotherms rise very
quickly and generate a lag loop. The specific surface area
and pore volume were 4.39 mz/g and 0.0129 cm3/g,
respectively.

Adsorption Study. The biosynthesized Om-AgNPs were
evaluated for the removal of MB dye from water in the dark by
varying the various reaction parameters.

Effect of Time, Adsorbate, and Adsorbent Concentration.
The adsorbent dosage and time are the important factors in
determining adsorption capacity because they define the
reactive surface areas that are accessible for dye adsorption
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Figure 6. N, adsorption and desorption isotherms of Om-AgNPs
(adsorption and desorption).

on the adsorbent.’” Here, the effect of time and Om-AgNPs
concentration (20—800 mg/L) on MB dye adsorption was
examined in 20 mL of dye solutions (10 mg/L) at 25 °C. As
can be seen from Figure 7a, the percent of adsorption increases
with time from 34.4 + 0.80% to 88.1% + 1.74% as the dosage
of the adsorbent increases from 20 to 800 mg/mL. For the
initial 10 min, the adsorption rate (%) was very fast due to the
availability of the binding site; then, it starts to adsorb slowly
and reached the maximum within 60 min. However, the dye
molecules are incompetent in reaching the available binding
site when the adsorbent dose is higher (800 mg/L), thereby
decreasing the rate of adsorption®” and producing a clouding
effect after the initial time period and attaining equilibrium in
60 min. After equilibrium was established, there was no visible
change in the rate of adsorption, demonstrating that all of the
Om-AgNPs adsorption sites were fully filled with dye
molecules.”’ Afterward, adsorbent doses of 600 mg/L and 60
min time were selected for further experiments to achieve
significant results. To evaluate the impacts of the initial dye
concentration, an experiment has been performed, considering
a dose of 600 mg/L, contact time of 60 min, and concentration
of 10—50 mg/L at 25 °C (Figure 7b). Initially, the number of
dye moles is higher than that of the Om-AgNPs surface area.

Therefore, the adsorption capacity of Om-AgNPs increased
from 16.51 to 59.35 mg/g with an increasing concentration of
MB dye. The ideal dye concentration for additional adsorption
studies was therefore determined to be 10 mg/L. The
adsorption capacity increases with the dye concentration
because at low concentrations there could be some unoccupied
active sites on the surface of Om-AgNPs. In addition, the
driving force for the mass transfer also could increase with the
increase in dye concentration. A similar phenomenon was also
observed elsewhere.”

It has to be noted that at the optimum dosage and
equilibrium condition (600 mg/L of Om-AgNPs, 10 mg/mL of
MB dye, and 60 min), the Om leaf powder and water extract of
Om showed removal efficiencies of 57.34 + 1.71 and 38.25 +
0.91%, respectively (Figure 8ab). The lower adsorptive
removal of MB dyes using the water extract of leaf powder
as compared to raw leaf powder presumably suggests the
possible variation in the phytochemical content of leaf powder
and in their water extract. Hence, it is also indicated that our
synthesized Om-AgNPs possessed a better adsorptive removal
capacity than Om leaf and their water extract. Moreover, it was
interesting that during the course of adsorptive removal of MB
dyes using the leaf powder and water extract of Om leaf, the
pH of the aqueous solution remained 7.4 throughout the
process, while in the case of using Om-AgNPs, the pH was
shifted from 7.4 to 8.0. Previous work demonstrated that the
features of AgNPs also vary with the pH value during
synthesis."’ Therefore, the present results indicated that
changing the pH value from 7.4 to 8.0 might also provide
some additional surface properties of Om-AgNPs and
subsequently better capacity to remove dyes.

Adsorption Isotherms. Langmuir, Freundlich, Temkin, and
D-R isothermal models were adopted to examine explicitly the
relationship between the adsorbed amount of MB dye and its
content.”” Figure 9a—d and Table 3 display the Langmuir,
Freundlich, Temkin, and D-R isotherm plots and the
parameters derived from them. The correlation coefficient
(R*) and RMSE values were utilized to identify the best-fit
model which describes the adsorption process. The closer R? is
to unity (1.0) and lower the RMSE value, the greater is the
concordance between the experimental data and the model’s
predicted value and the best fit. Comparing R* and RMSE
value isotherms, Langmuir (0.9956 and 0.0062), Freundlich
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Figure 7. (a) Effect of time and Om-AgNPs concentration on the adsorption of MB dye molecules and (b) effect of dye concentration on Om-
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Figure 9. (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) D—R adsorption isothermal plots for the adsorption of MB dye onto Om-AgNPs.

(0.9838 and 0.0289), Temkin (0.9748 and 2.7991), and D-R
(0.7860 and 0.2423) values (Table 3) indicate that the
Langmuir isotherm (Figure 9a) best-fits the adsorption of MB
dye on Om-AgNPs, indicating a monolayer and homogeneous
adsorption process with all adsorption sites, holding equal
affinity for the adsorbate.*” If the value of Ry (Langmuir
constant) falls within the range 0 < Ry < 1, the adsorption
process is deemed advantageous. As determined by the results
of this study (Table 3), Ry is 0.041, indicating that the
adsorption phenomenon was fruitful.*” The maximum
adsorption () capacity found from the Langmuir plot is
80.451 mg/g, which was compared to that of others reported
earlier'"™*1770323944752 (Tables 4 and 5). The best fittings
of the Langmuir model typically describe the chemisorption

4331

process that has been taken place at the surface.””*® The
observed Langmuir adsorption constant (K;) value indicates
that adsorption is spontaneous in nature.”” Moreover, it is very
interesting to observe that the R* value from the Freundlich
(0.9838) and Temkin (0.9748) plots were also close to 1,
whereas the RMSE value of the Temkin model (2.7991) is
high, indicating that the Freundlich model (Figure 9b) also
explained the adsorption behavior. The R? value is sufficiently
close (>0.98) to 1, and the low value of RMSE from the
Freundlich model also indicates that physisorption might have
also taken place at the surface.”® In addition, the value of
adsorption intensity (n), typically from 1 to 10, is indicated as
the favorable condition for adsorption, and the high value of n
in our case (n = 3.726) is indicated as the favorable adsorptive

https://doi.org/10.1021/acsomega.3c05992
ACS Omega 2024, 9, 4324—4338


https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05992?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Comparison of the Coefficient Isotherm
Parameters for MB Dye Adsorption onto Om-AgNPs

isotherms constants value
Langmuir Gmex (Mg/g) 80.451
K. (L/mg) 0.772
R, 0.041
R? 0.9956
RMSE 0.0062
Freundlich N 3.726
K 31.547
R 0.9838
RMSE 0.0289
Temkin B (J/mol) 9.007
A (L/g) 51.483
B 275.087
R 0.9748
RMSE 2.7991
Dubinin—Radushkevich 9, (mg/g) 48282
B (mol*/kJ*) 0.000000031
E, (kJ/mol) 4004.564
R? 0.7860
RMSE 0.2423

condition and Om-AgNPs as a better adsorbent.””>* Even
though the Temkin model (Figure 9¢) is not best suited in our
case, the high and positive value of the Temkin constant (A
and b) represents a good binding affinity between Om-AgNPs
and MB and the endothermic adsorption process.” Interest-
ingly, the Temkin constant related to the heat of sorption (B)
value (9.007 J/mol) concluded that adsorption is governed by
both physisorption and chemisorption.”> The R? value of the
D—R model (Figure 9d) is far behind 1 (0.7860); nevertheless,
the important adsorption energy (E) parameter value is very
high (4004.564 kJ/mol), which is possibly due to chem-
: 56,57 o o

isorption. Therefore, considering the above findings, it can
be anticipated that chemisorption and physisorption originated
and played the key role, indicating cooperative multilayer
adsorption. In the literature, there are abundant reports
explaining the adsorption nature of physisorption or
chemisorption based on the different isotherm models;
however, cooperative multilayer adsorption was rarely
reported.””>" The present findings should be cautiously
handled to commercialize our adsorbent as the isotherm
model has few limitations even though it is used by many
researchers.””*>37494450 On one hand, after observing much
literature, only a few reports have been found based on the

Table S. Comparison of q,,,, (mg/g) Values with Other
Bioadsorbents

adsorbent
dose kinetic
adsorbent (mg/L)  temp. (K) gny (mg/g) model ref
mango peels 1400 303 277.8 PSO 59
rubber leaf 1000 303 263.2 PSO 60
banana peels 800 303 250 PFO 61
corn cob 1200 303 216.6 PFO 62
Om-AgNPs 600 298 80.451 PSO this
study
coconut shell 1000 303 50.6 PSO 51
bagasse 4000 300—-333  49.8—56.5 PSO 52
Ficus carica 5000 298-323 47.62 PSO 44
Parthenium 4000 298 39.7 45
hysterophorus
Delonix regia 2000 298 23.3 46
pods
wild carrot 500 298 21 PSO 47
lantana camara  500—2000 298 19.84 PSO 49
stem
sunflower oil 2000 288—-318 16.43 PSO 48

cake

green-synthesized AgNPs-mediated adsorptive removal of MB
dye, presumably suggesting poor understanding on this subject.
Table 4 represents a comparison of q,,,,, kinetics, and catalyst
dose of different green-synthesized AgNPs and AgNPs-loaded
nanocomposites that has been previously reported. It
represents that Om-AgNPs are relatively efficient adsorbents
as comopared to previously reported green-synthesized
AgNPs***??%** and nanocomposites as adsorbents.'” "%
On the other hand, considerably many reports have been
found based on the adsorptive removal of textile dyes using
plant-based waste. Table S represents the q,,., values of MB
dye with the other plant-based waste adsorbents. Even by
comparing to these, our synthesized Om-AgNPs showed a
good maximum monolayer adsorption capacity even at a lower
catalyst dose.*™*”°5% For instance, mango peels,59 rubber
leaf,”* banana peels,”" and corn cob® showed better adsorptive
capacity than Om-AgNPs, nevertheless their catalyst doses
were much higher than ours'. It is worthwhile to mention that
few bioadsorbents showed better performance and few
performed low (Tables 4 and S). It is probably due to the
variation in the presence of phytochemicals in the
bioadsorbent and on the AgNPs surface. Moreover, the size,
shape, and other confounding factors could not be ruled out at
this moment.

Table 4. Comparison of q,,,, (mg/g) Values of Various AgNPs and/or Nanocomposites for Dye Adsorption

green-synthesized catalyst (dose, mg/L) temp. (K)
AgNPs 40 room
AgNPs 2000 room
Om-AgNPs 600 298-318
AgNPs 200—1000 303
AgNPs S room
Nanocomposites
AgNPs/GG/Poly(AA) 600 298-318
AIG@AgNPs 10 303
AgNPs/GO (1-100 mM) room
green-synthesized Om-AgNPs 600 298-318
AgCS composite 100 303—-308
STpe-AgNP 0.06 room

model dye Gmax (Mg/g) kinetic model ref
MB 21895 PFO 29
MB 121.04 PSO 30
MB 80.451 PSO this study
rhodamine B (RhB) 59.85 PSO 32
MB 49.26 20
MB 833.33 PSO 21
crystal violet 186.93 PSO 39
MB 137.50—365.00 PSO 19
MB 80.451 PSO this study
MB 50.51 20
BB (bromophenol blue) 9.6 PSO 50
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Adsorption Kinetics. As part of the kinetics study, the rate
of MB dye elimination and its regulating mechanism were

investigated. The parameter values of different kinetic models
such as PFO (Table 6 and Figure 10a), PSO (Table 6 and

Table 6. Different Kinetic Parameters for MB Dye
Adsorption onto Om-AgNPs

q. experimental (mg/g) 16.51
PFO

o calculated (mg/g) 10.23
k, (min™") —0.001
R? 0.8323
Ve 3.851
RMSE 0.8117
PSO

q. calculated (mg/g) 16.67
k, (g/mg min) 0.023
R? 0.9980
X 0.002
RMSE 0.0612
Elovich

a 131.18
B 0.504
R? 0.9948
RMSE 0.1769
IPD

k, (mg/g min~"/?) 1.013
C (mg/g) 9.17
R 0.9164
RMSE 0.7096

Figure 10b), Elovich (Table 6 and Figure 10c), and IPD
(Table 6 and Figure 10d) were used to describe the MB dye
uptake on to Om-AgNPs. Gowda et al.”” and Azeez et al.’”
studied the abovementioned kinetic modes. The correlation
coefficient (R*) was used to measure how well experimental
and computed data fit together. A nonlinear y* test was also
used to compare experimentally measured and estimated data.
In addition, a lower RMSE value also indicates the best-suited
model.”*

In a nut shell, an equilibrium kinetic model that successfully
describes the data has a value of R? relatively close to unity, low
%, and RMSE value.®® Comparison of R?, 4% and RMSE values
(Table 6) of PFO (R* = 0.8323, 5 = 3.851, RMSE = 0.8117)
(Figure 10a), PSO (R? = 0.9980, 5 = 0.002, RMSE = 0.0612)
(Figure 10b), and Elovich (R* = 0.9948, RMSE = 0.1769)
(Figure 10c) kinetic models shows that the PSO kinetic model
(Figure 10b) seems mostly applicable for explaining the
process and rate of uptake of MB dye on to synthesized Om-
AgNPs. The PSO kinetic model, for characterizing the
adsorption rate, is similarly validated by a lower value of y*
and RMSE. It is noticeable that the calculated value of g,
(16.67 mg/g) also well matched with the experimental value
(16.51 mg/g) obtained from the PSO model than that from
the PFO model (g,(.,) = 10.23 mg/g and Ge(exp) = 16.51 mg/g)
(Table 6). This shows that the adsorption mechanism may
involve chemisorption.”” In addition, IPD is one of the many
variables that influence the adsorption rate.”” Figure 10d shows
the results of research into the potential impact of IPD on the
adsorption course. The Boyd model, as described in eqs 16 and
17, was utilized to further examine the rate-controlling stage in
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the adsorption course, and the results are represented in Figure
11.

IPD of Om-AgNPs-MB was plotted as a single linear process,
however, not considered as the only rate-controlling step. The
Boyd plot confirmed this, which showed that it did not pass
through the origin. Therefore, it indicated that during the
adsorption process, surface adsorﬁption and intraparticle
diffusion occurred concurrently.”*®> The boundary layer
thickness is indicated by the value of C (intercept), and the
greater the value of C, the greater is the influence of the
boundary layer diffusion.**

Thermodynamic Studies. Thermodynamic variables (AG°,
AH®, and ASO) determined from InK| against the 1/T plot for
the adsorption of MB on Om-AgNPs are presented in Table 7
and Figure 12a. Activation energy (E,) is calculated from the
Arrhenius plot (Table 7 and Figure 12b). These variables
provide details regarding the spontaneity of the process.”® In
the present study, the positive values of enthalpy indicate that
the adsorption process is endothermic in nature, while the
value of AH® equal to 4.91 kJ/mol depicted physisorption,®’
which is opposite to the finding from the PSO model that
suggested chemisorption. In addition, the estimated AG® value
was found to be between —11.10 and —12.18 kJ/mol, so it was
possibly inferred that sorption was a physical spontaneous
process.”” The AG° value that remained between 0.0 and
—20.0 kJ/mol indicated physisorption.”® Moreover, the
decreases in AG’ value with increasing temperature might
indicate reduction in spontaneity at a higher temperature.’’
The positive entropy (AS® = 53.69 J/mol K) designates the
possible interactions of MB dye on to the surface of Om-
AgNPs,”" corresponding to the high degree of randomness.”'
The degree of activation energy (E,) provides information
regarding the physisorption or chemisorption nature of the
adsorption course.”® Based on the E, value (43.1 kJ/mol) in
the present investigation, the adsorption process is recognized
as chemisorption because the E, range for chemisorption is
usually between 40 and 800 kJ/mol.°® Thermodynamic
parameters such as AH®, AG® and AS° inferred the adsorption
process as physisorption, whereas the E, value sheds light
toward chemisorption. Thus, the overall results obtained from
isotherms, kinetics, and thermodynamic analyses possibly
suggested that both physisorption and chemisorption were
responsible for the adsorptive removal of MB dye from water.

Stability of Adsorbent. The stability of adsorbents is the
most significant aspect for their industrial uses. The stability of
the adsorbent was calculated with the degradation of MB in
water by repeated reuse of the material in the same manner as
described above. At the end of each run, the adsorbent was
filtered off, washed with the solvent, dried, and reused. Figure
13 demonstrates that the material exhibited excellent stability
across the fifth cycle of dye degradation. Only a 7.6 + 1.33%
drop in adsorption capacity was detected even after the fifth
cycle. After the first cycle, the stability was assessed as about
88.1 & 1.74% which fell to 80.5 + 0.91% after the fifth cycle.
The slight decrease in activity could be due to the saturating
effect of intermediate products on the adsorptive sites. Overall,
the activity of the synthesized adsorbent (Om-AgNPs) did not
drop much. To examine the structural stability of the
adsorbent, XRD analysis of the reused adsorbent was carried
out. The XRD pattern and SEM image of the reused Om-
AgNPs after the fifth cycle (Figure 14a,b) were identical to that
of the fresh material (Figure 2a,d), suggesting that no
structural change or agglomeration in the original framework
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Figure 10. (a) PFO, (b) PSO, (c) Elovich, and (d) IPD models of the adsorption process of MB dye by Om-AgNPs.
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Table 7. Thermodynamics for the Adsorption of MB Dye on
to Synthesized Om-AgNPs

temperature AH® AG° AS° E,
°C) (kJ/mol)  (kJ/mol)  (J/mol K)  (kJ/mol) R?
25 491 —11.10 53.69 43.1 0.9871
35 —11.62
45 —12.18

of the AgNPs center took place during the adsorption
processes. It is also interesting to note that the size of the
Om-AgNPs calculated by the Debye—Scherrer (D-S)
equation is comparable (17 and 16 nm for the fresh and
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reused catalyst, respectively), which also indicated that the
structure of the AgNPs was retained after the recycle runs.
Mechanism. Based on the evidence from the reported data,
the adsorption of MB dye onto Om-AgNPs through the Om
biomolecules on the surface of AgNPs may occur through
several cooperative interactions such as electrostatic inter-
actions, 7—x stacking, and hydrogen bonds.”” FTIR, XPS, and
EDX analyses confirmed that Om-AgNPs contain several
phytochemicals such as alkaloids, phenolic compounds, and
flavonoids surrounding AgNPs, in which the C=0, C=C, or
OH groups of the Om-AgNPs adsorbent surface can have
affinity toward the cationic MB dye via electrostatic
interactions.”’ Alternatively, the z—z stacking mechanism
may occur due to the presence of aromatic rings of both MB
dye and biomolecules surrounding AgNPs. Kinetics results
showed the presence of both chemical and physical adsorption
processes on MB dye adsorption onto Om-AgNPs, further
confirming the electrostatic interactions and 7—n stacking
mechanism. In contrast, we also propose that in the present
Om plant-mediated AgNPs-based MB dye removal system, the
phytoconstituents, —OH, and —C=0 groups present on the
surface of the Om-AgNPs adsorbent”' may interact with the
cationic MB dye and get adsorbed onto the surface of Om-
AgNPs via hydrogen bonding between the electronegative
atoms (nitrogen and sulfur atoms) of MB dye and the hydroxyl
groups of the adsorbent.”’ The AgNPs may be strengthened
inside this composite matrix to enhance the surface energy of
the Om-AgNPs adsorbent to afford greater binding of MB dye.
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Figure 13. Recycle test of Om-AgNPs for MB dye removal.

B CONCLUSIONS

The biosynthesis of AgNPs using an aqueous leaf extract of
Om, Om-AgNPs, exhibited excellent catalytic efficiency in
removing MB dye from water in the dark. The adsorption
capacity was found to be dependent on the contact time,
adsorbent dose, and concentration. The biosynthesis of AgNPs
showed a better adsorptive removal capacity of MB dye from
water (88.1 + 1.74%) than the leaf extract (38.25 + 0.91%)
within a time period of 60 min at 298 K. The Langmuir
isotherm model suitably fitted the best with the maximum
monolayer capacity of 80.451 mg/g at 298 K, suggesting a
chemisorption process. The Freundlich model was also

considerably accepted, indicating the physisorption process
in nature. The kinetic models for the adsorption process
indicated that the adsorption of MB dye onto Om-AgNPs
followed a pseudo-second-order reaction. The positive AG®
and AH° values indicated an endothermic spontaneous process
at the adsorbent—adsorbate surface, and physisorption was also
governed in the process. The material could be reused five
times without a significant loss of catalytic performance. The
present biosynthesized AgNPs could be considered effective,
reusable, and eco-friendly nanoadsorbents for the removal of
the harmful dye MB from water without adding any external
compounds for environmental restoration.
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