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Abstract

The greener approach offers a viable, sustainable and eco-
friendly way to synthesize nanoparticles. This study.used
the seed extract of Vigna stipulacea (VS) as a bioreducing
agent to synthesize iron nanoparticles (VS-Fe). The VS seed
extract contains polyphenols and lignin content that acted
as a bioreducing agent during VS-Fe formation. The Vigna
stipulacea-mediated Fe nanoparticles were characterized
using UV, XRD, FTIR, EDAX and BET surface analysis. The as-
synthesized VS-Fe,  comprised of Fe® phase and Fe
hydroxides, had an average crystallite size of 30.65 nm. It
possessed a surface area of 199.189 m?/g and magnetic
saturation of 11.21 m emu. The VS-Fe exhibited excellent
adsorptive behavior during the sequestration of Pb?* ions
from- an aqueous environment. The Pb?' uptake was
maximum (96.7%) under the optimal conditions of 60 min
contact time, 0.01 g/ 100 mL VS-Fe dosage and pH 6. The
equilibrium data of Pb?* adsorption was more appropriate
with pseudo-second-order kinetics (R? = 0.9903) and
Langmuir isotherm (R? = 0.9941) with gmax of 1020.50 mg/g.
Thus, the dominance of chemisorption in Pb?* removal was
revealed. It was further confirmed with the SEM
micrograph of Pb-loaded VS-Fe nanoparticles. Overall, this
study demonstrated the inexpensive and non-toxic way of
synthesizing Fe nanoparticles and their utilization in
effectively removing Pb?* ions from water.

Keywords: Fe nanoparticles, green synthesis, polyphenol,
lead removal, Vigna stipulacea.

1. Introduction

The preservation of water quality has become a global
concern owing < to ' the synchronization of rapid
industrialization with the disposal of an enormous quantity
of wastewater into the aquatic environment (Thanh et al.
2018). Most industrial effluents are rich in heavy metals,
including lead which is toxic and non-biodegradable and
bioaccumulates in living cells, causing severe health issues
in humans and animals (Kaur et al. 2018; Ali et al. 2019).
Lead is commonly used in electroplating, battery
manufacturing and metal processing industries. In humans,
lead can cause infertility, asthma and renal abnormalities,
whereas its exposure leads to bioaccumulation in bones,
teeth and kidneys (Thirulogachandar et al. 2014; Araujo et
al. 2018). A growing concern emphasizes the requirement
for an efficient treatment for lead removal before they are
released into the aquatic environment. Traditional heavy
metal removal methods include oxidation-precipitation,
ion exchange (Dong et al. 2019), coagulation-
electrocoagulation (El-Hosiny et al. 2018), adsorption (Lin
et al. 2020; Nithyalakshmi et al. 2023), photocatalytic
degradation (Dayanidhi et al. 2020), and membrane
filtration (Ding et al. 2020). Identifying an effective
technique for this purpose is challenging, primarily due to
the cost implications and potential environmental toxicity
associated with the resulting by-products. Adsorption
remains a prominent technique due to its uncomplicated
design, extensive adaptability, economical nature, high
efficacy, ease of use, absence of secondary pollutant
generation, and viability at low concentrations
(Jayalakshmi and Jeyanthi, 2019). Several adsorbents,
including biopolymers, fly ash, and activated carbon, are
efficacious in mitigating heavy metals in aqueous solutions.
However, some of their use has been constrained by
considerations like their high cost, difficulties in separation,
strong reaction conditions, and toxicity (Yurekli, 2016).

The utilization of nanoparticles to eliminate various
pollutants present in an aqueous environment has routed
to the significant development of novel techniques in metal
removal/recovery from water. The application of these
particles is mainly due to their large surface area, high
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surface energy and high reaction rate (Balasubramanian et
al. 2021). Recently, there has been ongoing research on the
synthesis of nano adsorbents utilizing plant intermediates,
which has been recognized as a viable and effective
approach. The process of synthesizing nanoparticles
through plant mediation involves the utilization of
environmentally friendly biomolecules that serve as both
reducing and capping agents. These biomolecules are non-
toxic and biodegradable, and their use helps minimize the
synthesized nanoparticles’ oxidation and agglomeration
(Ebrahiminezhad et al. 2018; Raman et al. 2021). The high
cellulose content in plants is responsible for their reducing
properties towards heavy metals. The feasibility of utilizing
the compound for wastewater treatment is attributed to
the existence of functional groups, namely hydroxyl,
phenol, and carboxyl (Mohamed et al. 2019).

During the last decade, several studies have indicated that
Fe nanoparticles effectively address heavy metal pollution,
making them a promising solution for treating wastewater
polluted with various heavy metals. Moreover, their
remarkable attributes and versatile utilities prompted us to
opt for the plant extract approach in their production (Lin
et al. 2020). For instance, the study conducted by Guo et al.
(2017) reported the utilization of Euphorbia cochinchensis
leaf extract for the green synthesis of Fe nanoparticles. The
synthesized Fe nanoparticles were employed for degrading
2,4-dichlorophenol. Similarly, in a study by Huang et al.
(2014), Fe nanoparticles synthesized using Oolong tea
extract were effectively utilized to degrade malachite
green. The Fe nanoparticles were produced in an
environmentally friendly manner, resulting in a green
synthesis process.

The Vigna stipulacea is commonly knowns as Minni payaru,
which is traditionally utilized as animal fodder and green
manure in the regions of Southern India. It is a creeping
plant and wild species resistant to pests and diseases. It is
widely distributed and can be cultivated in open or light-
shady lands. However, the information on the phenolic
content and antioxidant property of Vigna stipulacea is not
reported elsewhere due to its close resemblance with
Vigna trilobata (Harouna et al. 2018; Panzeri et al. 2022).
This study attempts to utilize the seed extract of Vigna
stipulacea as a bioreducing agent for Fe nanoparticle
formation. To date, the literature has not provided
significant information regarding the adsorptive behavior
of VS-Fe in removing heavy metals. These Vigna stipulacea
plants are easily domesticated as they require minimal
water and demand little care and maintenance. Moreover,
the reported VS-Fe nanoparticles showed higher surface
and magnetic saturation when compared to other Fe
nanoparticles synthesized using various plant extracts
(Mandal et al. 2020; Saleh et al. 2021). In addition, it also
showed better adsorption capacity for Pb?** removal with
no other functional groups tailored to it (Liu et al. 2019; Shi
etal. 2023).

The main objectives of the study are as follows: (a)
synthesizing the Fe nanoparticles through a greener
approach using Vigna stipulacea as a bioreducing agent
(FeCl, - metal precursor; NaOH - pH stabilizer); (b)
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characterizing the synthesized Vigna stipulacea-mediated
Fe nanoparticles (VS-Fe) to detect their successful
formation (UV, XRD, FTIR, VSM, BET, SEM and EDAX); (c)
utilizing VS-Fe for eliminating Pb?* ions from water; (d)
optimizing the environmental conditions for the effective
removal of Pb?* ions using VS-Fe (dosage, pH, contact time,
concentration); (d) validating the experimental data of Pb?*
adsorption onto VS-Fe through non-linear regression
approach (Isotherm and Kinetic modeling).

2. Experimental section

2.1. Materials

The seeds of Vigna stipulacea (Minni Payaru) were
collected from the local cattle farm in Sivagangai,
Tamilnadu, India. The seed extract is used as a reducing
agent for the green synthesis of VS-Fe nanoparticles. The
chemicals (Merck India, AG) such as Ferrous chloride
(FeCl,.4H,0), Sodium hydroxide (NaOH), Ethanol (C;HsOH),
Sodium nitrate (NaNOs), Hydrochloric acid (HCl), Sulphuric
acid (H;S0,), Ethanol (C;HsOH), Lead nitrate (Pb(NOs),)
(lead source), tannic acid, acetic acid and alkali lignin were
used in this study. Double distilled water is used for
preparing all the reagents.

2.2. Preparation of Vigna stipulacea seed extract

The Vigna stipulacea (VS) seed extract was prepared using
the solvent extraction method. The collected Vigna
stipulacea seeds were initially washed with double distilled
water until the dirt/dust in it was removed and oven-dried
(Genuine equipments, Hot air oven) for 15 min. Then, the
VS seed extract was prepared using a Soxhlet apparatus
(250 mL) as follows: The VS seeds (6g) were taken in a cloth
bag and placed in the thimble region and double distilled
water (100 mL) was used as a solvent. Then, the Soxhlet
apparatus was operated under 80°C for 4 hr. The VS seed
extract was collected in the round-bottomed flask. Then,
the contents were filtered using Whatman filter paper
(Garde 40). Thus, VS seed extract, free of microparticles
(Figure 1), was obtained, transferred to an air-tight
container, and preserved in a refrigerator for future use.
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Figure 1. Synthesis of Vigna stipulacea - mediated Fe
nanoparticles

2.3. Green synthesis of VS-Fe nanoparticles

The schematic diagram of VS-Fe synthesis is depicted in
Figure 1. The metal solution of 0.1 M ferrous chloride is
prepared using double distilled water. The VS seed extract
is added to the metal solution in a 2:3 ratio. The reaction
mixture was homogenized using a magnetic stirrer (REMI
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2MLH) and the stirring was continued for 1 hr. The reaction
mixture’s pH was adjusted to 6 using 0.1 M NaOH. A change
of colour from yellow to black was visualized, which
indicated the  VS-Fe nanoparticles  formation.
Subsequently, the formation of VS-Fe nanoparticles was
further confirmed by measuring the absorbance of the
resultant solution using a UV-Visible spectrophotometer
(Cyberlab). The resultant solution was transferred to a
quartz cuvette and the absorbance was measured in the
200 — 700 nm wavelength range. Maximum absorbance
was detected at 285 nm (Figure 2(a)), which is the
characteristic peak of Fe formation due to surface plasma
resonance (Pan et al. 2020; Sivakami et al. 2020). The
findings from the UV analysis revealed the formation of
zero-valent iron nanoparticles using VS seed extract as a
reducing agent. The black precipitate was separated by
filtering the resultant solution to obtain the VS-Fe
nanoparticles formed and the residual solution was
decanted. Then it was subsequently rinsed with double
distilled water and ethanol to eliminate the residual
impurities. Finally, it was desiccated at 60°C using a hot air
oven to remove the moisture. The VS-Fe nanoparticles thus
obtained were kept in the dark place for future use.

2.4. Instrumentation

The Empyrean X-ray diffractometer (Malvern Panalytical),
which operates with a high-power radioactive source (Cu
Ka, A=1.54 A), was used to detect the phase formation and
crystallinity of VS-Fe nanoparticles. The X-ray diffractogram
(XRD) for VS-Fe nanoparticles in powder form was
generated in 20 range of 10° to 90°. The CARL ZEISS
Scanning Electron Microscope (SEM) coupled with BRUKER
Energy Dispersive X-ray Spectroscopy (EDAX) visualized the
surface texture and elemental composition of VS-Fe
nanoparticles. Their sample preparation-included the gold
sputtering of VS-Fe nanoparticles. The Shimadzu Fourier
Transform Infrared Spectrometer (FTIR) detected the VS-Fe
nanoparticles’ functional group by measuring their IR
spectra under 400 — 4000 cm* with 0.5 cm™ resolution. The
VS-Fe nanoparticles were homogenously mixed with
spectroscopic grade KBr before FTIR analysis. The Quanta
Surface Area analyzer measured the surface area
characteristics ~of = VS-Fe ' nanoparticles. The VS-Fe
nanoparticles (0.0139 g) were preheated upto 100°C to
liberate the water-bound molecules prior to the surface
area analysis. = The Lakeshore Vibrating Sample
Magnetometer (VSM) evaluated the magnetic saturation
of VS-Fe nanoparticles. The Toplab (TL-3800AA) Atomic
Absorption Spectrometer measured the residual Pb?
concentration after the absorption. The pH of the
residual/metal solutions was determined from the
Newlabs equipment pH meter.

C,-C
Pb®* removal (%) = (Ocie)ﬂ_oo
0

(Co -C, )*V
m

e

where Co (mg/L) (Patil et al. 2022), is the initial Pb?*
concentration, V (mL) is volume taken, m (g) is VS-Fe

The total polyphenolic composition of VS seed extract was
determined using the Folin-Ciocalteu assay, as reported by
Khatun and Kim (2021). Initially, the Tannic acid standard
solutions (0-500 pg/mL) were prepared in methanol for
calibration. Then, the methanolic extract of VS seeds was
prepared using the Soxhlet apparatus. The 10 plL of these
samples were added into individual test tubes and mixed
with diluted Folin-Ciocalteu reagent (100 pL) for 3 minutes
and 1 mL sodium carbonate (0.7 M) was introduced. Each
test tube is enclosed with aluminum foil and the reaction is
allowed for 60 min at room temperature and their
respective absorbances were measured at 750 nm using a
UV-Visible spectrophotometer.

The total lignin composition of VS seed extract was
determined using an acetyl bromide assay, as Fang et al.
(2020) reported. Initially, alkali lignin standard solutions
were prepared for calibration. Then, VS seeds (5 mg) were
subjected to extraction in_ethanol/toluene mixture (1:1).
The extraction procedure was continued until no trace of
absorbance was observed at 280 nm. Afterward, the VS
seed powder was dried and transferred into glass tubes
containing 1 mL acetyl bromide and 3 mL acetic acid. The
glass tubes were then incubated at 70°C for half an hour.
Subsequently, the samples were placed in an ice bath and
homogenized with 2 M NaOH (0.9 mL), acetic acid (5 mL)
and 7.5 M hydroxylamine hydrochloride (0.1 mL). The final
volume was raised upto 10 mL using acetic acid and their
absorbance was spectrometerically analysed at 280 nm.

2.5. Adsorption of Pb** using VS-Fe nanoparticles in batch
mode

A 1.607 grams of Pb?* nitrate salts were added to 1000 mL
of double distilled water to make a 1000 mg/L Pb?
solution. And then, appropriate dilutions were made to
obtain desired concentrations of Pb?* solution for batch
experimentation. A 100 mL Pb?* solution of desired
concentration was taken in a 250 mL Erlenmeyer flask and
a known quantity of VS-Fe nanoparticles was added to it.
The flasks were then operated at room temperature at 150
rpm using an orbital shaker (Neolab). Once the equilibrium
was achieved, the treated solution was filtered using
Whatman filter paper (Grade 42) and tested for residual
Pb?* concentration using AAS. The process parameters
significantly influencing the Pb?* adsorption onto VS-Fe
nanoparticles were assessed in the batch experiments. And
they are as follows: VS-Fe dosage (0.01 to 0.10 g), pH (3 to
10), contact time (10 to 180 min) and initial Pb?
concentration (5 to 40 mg/L).

The Eq. (1) and (2) determined the percentage removal
(Nithyalakshmi and Saraswathi, 2021) of Pb?* (%) and qe,
the Pb?* quantity adsorbed onto VS-Fe (Patil et al. 2022),
respectively.

(Nithyalakshmi and Saraswathi 2021) (1)

(Patil et al. 2022)
(2)

nanoparticles’ quantity and C. (mg/L) (Patil et al. 2022) is
the equilibrium concentration of Pb?*.



2.6. Analysis of best fitness

The experimental data of Pb?* removal using VS-Fe was
evaluated using non-regression kinetic and isotherm
modeling studies. Among the performed modeling studies,
the appropriate best-fit model for Pb?* adsorption onto VS-
Fe was validated using correlational coefficient (R?) and
Error function values. The root mean square errors (RMSE),
Person’s Chi-square (x?) and Sum of squares of error (SSE)
are the Error function (EF) values used for determining the
best-fit model (Jayalakshmi and Jeyanthi 2021).

Z::l(ye.n —Yen )2 (3)
Z::l(ye.n ~ Ye.mean )2

1 n
RMSE = \/E Z(ye.n _yc.n )2

n=1

R?=1-

(4)

n _ 2 (5)
i = z (ye.n Yen )

n=1 Yen

n , (6)
SSE= (Yo —Ye),
i=1l

3. Results and discussion

3.1. Physio-chemical analysis
3.1.1. Phytoconstituents of Vigna stipulacea seed

The total polyphenolic and lignin composition of VS seed
extract was determined from the calibration curve of the
tannic acid (0.0015x—0.0091, R?=0.9864) and alkali lignin
(0.0056x—0.0021, R?=0.09921), respectively. Furthermore,
their corresponding results were expressed as mg/g tannic
acid equivalents and mg lignin g! cell wall. The total
polyphenolic composition of VS seed extract was 56.8 mg
tannic acid per g extract, whereas their lignin composition
was 7.7 mg lignin per g cell wall.

3.1.2. Structural formation of VS-Fe nanoparticles

The phase formation of VS-Fe nanoparticles was detected
from their XRD profile, as shown in Figure 2(b). It revealed
the characteristic peak corresponding to the Fe® formation
at 20 = 26.09° and 45.45°. Similarly, it showed the peaks
corresponding to organic matter, i.e., the bioreducing
components in the VS seed extract. Therefore, it confirmed
that the VS seed extract was vital in reducing Fe®* to Fe®
formation. and has been adsorbed onto its surface.
Additionally, it detected the peaks belonging to the
Hematite phase (Fe;Os) at 30.15°, 40.53° and 57.76°,
whereas the Magnetite phase at 35.84° (Gao et al. 2016;
Jain et al. 2021). Hence, it showed that the Fe°
nanoparticles were formed along with its metal hydroxides.
The formation of hydroxides might have occurred due to
exposure to atmospheric conditions. The crystalline nature
of VS-Fe is determined from Scherrer’'s formula
(Jayalakshmi and Jeyanthi, 2018) (i.e., d = 0.9A/BcosB). The
significant diffraction peaks were used to determine VS-
Fe’s crystallite size; their average size was estimated to be
30.65 nm. Therefore, the iron particles (VS-Fe) produced
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using VS seed extract showed efficacy in forming particles
at the nano-scale.

15000 10000 5000 0 5000 10000 15000
Magnetic Field (Oc)

Figure 2. (a) UV-Visible spectra of VS-Fe nanoparticles; (b) XRD
diffractogram of VS-Fe nanoparticles; (c) Magnetic hysteresis
loop of VS-Fe nanoparticles; (d) IR spectra of VS-Fe and Pb-
loaded VS-Fe nanoparticles

To corroborate the bioreducing components that are
responsible for VS-Fe formation, the FTIR analysis was
performed. The IR spectra of the same were illustrated in
Figure 2(d). It showed significant peaks at 3325 cm™ (O-H
stretching), 2280 cm?® (C=C), 1623 cm? (C=C ring
stretching), 1025 cm™ (C=0 stretching) and 680 cm™ (Fe-O
stretching) (Lin et al. 2020; Ardakani et al. 2021). Therefore,
these results confirmed the presence of polyphenols (3325
cm?), lignin content (1623 cm™) and cellulose content
(1025 em™) in the surface of VS-Fe synthesized using VS
seed extract. Consequently, these bioreducing
components might have reduced Fe3 to Fe® formation
(Eslami et al. 2018; Jain et al. 2021). Moreover, the
presence of metal hydroxides of Fe ions was consistent
with the XRD results. Therefore, the formation of these
hydroxides might have occurred due to their exposure to
air during the characterization. Generally, these hydroxides
tend to form a core-shell structure over the VS-Fe’s surface
(Ardakani et al. 2021). The formation of zero-valent iron
nanoparticles was further confirmed with the FTIR results.
Furthermore, the FTIR result of VS-Fe thus obtained was
reliable with the previously reported studies on Fe
nanoparticle formation using various plant extracts (Huang
et al. 2014; Jain et al. 2021). The FTIR analysis of Pb-loaded
VS-Fe was depicted in Figure 2(d), exhibiting the absence of
a peak associated with the alkane and metal oxide
functional group. In addition, alterations of peaks were
observed at 3325, 1614 and 1186 cm™, suggesting the
alterations caused by Pb?" ion uptake onto VS-Fe. This
furthered the confirmation of the occurrence of
chemisorption in Pb?* adsorption utilizing VS-Fe.

To detect the magnetic properties of VS-Fe nanoparticles,
the VSM analysis was performed. Figure 2(c) represents the
magnetic hysteresis loop of VS-Fe nanoparticles from
which their magnetic saturation and coercivity can be
estimated. It further revealed the ferromagnetic behavior
of VS-Fe nanoparticles, confirming their magnetization
function when exposed to an external magnetic field. The
estimated VS-Fe’s magnetic saturation (M) and coercivity
(Hc) were found to be 11.21 m emu and 156.65 Oe,
respectively. The low magnetic saturation of VS-Fe that
hindered their magnetic property might be due to either of
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the following reasons: their exposure to air or higher
concentration of bioreducing agent in it (Kianpour et al.
2017; Kheshtzar et al. 2019). Moreover, it showed
magnetic remittance (M;) of 877.73 pemu. The VSM results
showed better magnetic saturation when compared to that
reported by Ardakani et al. (2021). The report presented
the zero magnetic saturation (i.e., no hysteresis loop) of Fe
nanoparticles synthesized using Chlorophytum comosum
leaf extract. Therefore, the compelling magnetic nature of
VS-Fe facilitates the magnetic separation after the Pb?*
adsorption process.

To get insightful surface area distribution of VS-Fe
nanoparticles, it was further analyzed with BET surface
area analysis. From the N, adsorption/desorption curve
isotherm, as displayed in Figure 3(a), the BET plot (not
shown here) and BJH plot (insert image) was drawn to
estimate surface area and pore distribution. It revealed the
Type IV isotherm curve with an Hs hysteresis loop (Keluo et
al. 2018), signifying the groove-shaped pores (i.e., parallel
plate-shaped pores) comprising mesopores (Mahmoud et
al. 2021). The surface area of VS-Fe was 199.189 m?/g
which is higher when compared to the one synthesized
using various plant extracts (Fazlzadeh et al. 2017; Bounab
et al. 2021). The average pore radius of VS-Fe was 15.50 A,
whereas their total pore volume was 0.365 cm3/g. The pore
distribution of VS-Fe (Figure 3(a) insert image) revealed
that the pores were distributed in the range of 10 — 20 A
and 50 — 100 A. The VS-Fe nanoparticles yielded good
surface area characteristics, i.e., higher surface area with
mesoporous structure, which are good enough to
efficiently uptake Pb?* ions.

To validate the effectiveness of VS-Fe nanoparticles for
Pb2* uptake, their net surface charges (i.e.; point of zero
charge, pHp.c) were further assessed with the salt-addition
method (Sulaiman and Al-Jabari, 2021). For this purpose,
the VS-Fe nanoparticles were immersed in 0.01 M NaNOs
solution that was adjusted to wvarious pH (pH;) and was
agitated constantly (150 rpm) for 24 hr in an orbital shaker.
Subsequently, the suspension’s final pH (pH:) was noted.
The pHp;c of VS-Fe was obtained from the plot of (pH;) vs.
ApH (pHs - pH;) as represented.in Figure 3(b). And the pHp;.
of VS-Fe nanoparticles was 7.2, signifying that the net
surface charges on their surface will be positive below its
pHpzc, Whereas above pHy,, it is negative. Moreover, the
zeta potential analysis (graph not shown here) exhibited -
17.9-mV, showing their relative stability in the aqueous
medium.
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Figure 3. (a) N, adsorption/desorption curve and BJH plot (insert
image) of VS-Fe nanoparticles; (b) Plot of pHp,c of VS-Fe
nanoparticles

3.1.3. Morphology of VS-Fe nanoparticles

The surface texture and morphology of VS-Fe were
visualized from their SEM micrograph, as presented in
Figure 4(a). The as-synthesized VS-Fe nanoparticles were
found to be spherical-shaped particles uniformly
distributed with lesser agglomeration. The phytochemicals
that are present in the VS seed extract are attributed to
agglomeration (Wu et al. 2015; Mahmoud et al. 2021).
Some literature has also reported that the Fe ions’
magnetic interaction might have caused the agglomeration
(Fazlzadeh et al. 2017; Katata-Seru et al. 2018). Further, the
surface texture of VS-Fe after the adsorption of Pb%* was
displayed in Figure 4(b). The particles of Pb-loaded VS-Fe
showed non-uniformity in their distribution, i.e., different-
sized particles. The observed variations in size following the
Pb2* adsorption may be attributed to the development of
aggregates. As a result of aggregate formation, the surface
texture of the VS-Fe nanoparticles has exhibited roughness.
The aggregation of VS-Fe after the Pb?* uptake determined
the chemical bond formed between the Pb?* ions and VS-
Fe’s surface particles. Thus, revealing the occurrence of
chemisorption that was further assessed with kinetic
studies.

To detect the element composition present in the as-
synthesized VS-Fe nanoparticles, the EDAX analysis (Figure
4(c)) was performed. It affirmed the characteristic peaks
for Iron (Fe), thus confirming the existence of Fe in VS-Fe
nanoparticles. Furthermore, the presence of Oxygen (O)
revealed the formation of Fe metal oxides/hydroxides
(Kumar et al. 2013) that are consistent with the XRD and
FTIR results. Moreover, the appearance of Carbon (C) and
Oxygen (O) is attributed to the presence of phytochemicals
in VS seed extract. Thus, confirming the existence of VS
seed extract’s coating on their surface (Sravanthi et al.
2018). Furthermore, the presence of Chlorine (Cl) was
found as a result of residue formation during the synthesis
of VS-Fe nanoparticles.

Figure 4. SEM micrograph of VS-Fe nanoparticles before (a) and
after (b) Pb?* adsorption; (c) EDAX analysis of VS-Fe
nanoparticles

3.2. Removal of Pb?* ions using VS-Fe nanoparticles
3.2.1. Influence of VS-Fe dosage

The quantity of adsorbent utilized for the metal adsorption
process is a critical parameter determining the adsorption
capacity (Jayalakshmi et al. 2022). Initially, the batch
experiments were conducted by varying the VS-Fe dosage
as follows: 0.01, 0.03, 0.05, 0.07 and 0.10 g/ 100 mL. The



varying dosage of VS-Fe was added into various Erlenmeyer
flasks that contained 100 mL of 25 mg/L Pb?* solution and
were agitated at 150 rpm under room temperature. The pH
of the Pb?* solution was maintained at 6. The influence of
VS-Fe dosage on Pb?* uptake was illustrated in Figure 5(a).
The Pb?* uptake showed a rapid uprising on adding 0.01 g/
100 mL of VS-Fe, showing 90.5% removal efficiency.
However, upon further increasing the VS-Fe dosage (0.01-
0.10 g/ 100 mL), the Pb?* removal efficiency decreased
from 90.5 to 50.25%. The downfall in Pb?* uptake may be
due to the overcrowding of VS-Fe’s binding sites with the
reduced surface area on further inclined VS-Fe dosage (Pal
et al. 2017). Therefore, 0.01 g/ 100 mL VS-Fe was fixed as
the optimum dosage for further experiments.

3.2.2. Influence of Pb?* solution pH

The adsorption capability is notably influenced by
variations in the pH of the solution, as this leads to
modifications in the activity of the surface-active sites.
Therefore, the influence of pH on the Pb?" uptake was
examined by agitating 0.01 g VS-Fe with 100 mL lead
solution at varied pH ranging from 3 to 10. Figure 5(b)
represents the effect of pH on the Pb?* uptake using VS-Fe.

The efficacy of Pb?* elimination exhibited an incremental
trend until pH 6 (Figure 5(b)), followed by a gradual decline
at elevated pH levels (i.e., above pH 6). At a pH greater than
6, the precipitation of lead ions occurs in the form of
Pb(OH), (Bektas et al. 2004). This process results in a
decrease in the rate of lead adsorption, ultimately leading
to a reduction in lead removal efficiency (Luo et al. 2013; Li
et al. 2017). Therefore, the Pb%** removal efficiency
achieved at pH 6 was 96.7 %. The results are consistent
with the studies reported by Lakkaboyana et al. (2021) and
Shi et al. (2022). Moreover, the generation of a highly
porous layer of iron oxides (Fe-OH) and hydroxides (Fe-O-
OH) is facilitated by an increase in pH (6.0), which in turn
promotes the diffusion process of the elements towards
the Fe® core. Consequently, the sorption capacity of the VS-
Fe nanoparticles is enhanced (Azzam et al. 2016).

Pseudo-first-order

Ji = Qe (1_e_k1t)
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Figure 5. Batch optimization studies on Pb?* adsorption onto VS-
Fe, Influence of (a) VS-Fe dosage; (b) pH of lead solution; (c)
Contact time; (d) Initial Pb concentration

3.2.3. Influence of contact time (CT)

The CT is a significant parameter that determines the
designing of the adsorbent cost. The impact of contact time
on Pb?* uptake using VS-Fe was performed by varying the
CT to 10 to 180 min. A 0.01 g/ 100 mL VS-Fe was added to
25 mg/L Pb?* solution and it was agitated at 150 rpm with
6 pH under room temperature. The influence of CT on Pb?*
removal using VS-Fe.is shown in Figure 5(c). It revealed that
the Pb?* uptake showed a rapid increase upto 60 min and
exhibited no.significant change after 60 min, thus
confirming their equilibrium attainment. During the initial
period of adsorption (10— 60 min), the Pb2* ions might have
engaged quickly onto the binding sites on the VS-Fe’s
surface, resulting in rapid Pb?* removal. Thus, the Pb?
removal efficiency increased from 11.83% to 96.7%. Over a
period of time, active surface sites get exhausted and the
Pb?* uptake remains constant due to the unavailability of
active sites. Consequently, the VS-Fe showed equilibrium
attainment during 70 min with a removal efficiency of
96.82%. Moreover, the VS-Fe possessed 240.24 mg/g
adsorption capacity at 60 min. Therefore, further
experiments were performed with 60 min of contact time
as optimal contact time.

To reveal the rate of Pb?* adsorption and its mechanism,
adsorption kinetic modeling was assessed through a non-
linear regression approach, as mentioned in Eq. (7) — (9).

(Balasubramanian et al. 2021) (7)

where g is the adsorption capability of VS-Fe at any time and k; is pseudo-first-order rate constant

k,q2t
qt _ 2qe

= Pseudo-second-order
1+k,0,t

(Balasubramanian et al. 2021) (8)

where ge is the adsorption capability of VS-Fe and k; is pseudo-second-order rate constant

Elovich model

g; = (%j In aft

(Balasubramanian et al. 2021) 9)

where a is the initial Pb?* adsorption rate and B is the desorption constant.

The corresponding kinetic parameters were obtained
directly from the fit of g: vs. t (plot not shown here) and
respective values are tabulated (Table 1).

Based on the higher R? values and least EF values (Table 1),
the best fit kinetic model for Pb?* adsorption onto VS-Fe
was ordered hierarchically as follows: pseudo-second
order, pseudo-first order and Elovich model. Consequently,
the higher R? values (0.9903) and least EF values (RMSE =

3.3401; x* = 0.4646; SSE = 68.90) of pseudo-second-order is
said to provide good fitness to Pb?* uptake using VS-Fe.
Moreover, the ge (exp) Value (240.24 mg/g) obtained for Pb?*
is consistent with ge (ca)) value (248.61 mg/g) determined
from pseudo-second-order. Hence, it further confirmed the
best fitness of pseudo-second-order for the Pb%*
adsorption using VS-Fe nanoparticles. Thus, concluding the
governance of chemisorption. Although the Elovich model
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provided lower R? values and higher EF values, their ge (ca)
(235.64 mg/g), value showed consistency with ge (exp) Value
(240.24 mg/g). Thus, suggesting their fitness for Pb?*
adsorption using VS-Fe. Furthermore, their lower 8 value
further corroborated the chemisorptive behavior of Pb?*
removal using VS-Fe nanoparticles.

3.2.4. Influence of initial Pb?* ion concentration

The mass transfer resistance required for Pb?* to pass
through the VS-Fe’s surface from their metal solution can
be significantly influenced by their initial Pb%* ion
concentration (Balasubramanian et al. 2021). The influence
of initial Pb2* ion concentration (Co) is evaluated by varying
their concentration from 5-50 mg/L and the corresponding
experiment was carried out under optimized conditions (CT
=60 min; VS-Fe dos =0.01 g/ 100 mL; pH = 6). The influence
of Pb?* ion concentration on Pb?* uptake using VS-Fe was
illustrated in Figure 5(d). As it is noticed from Figure 5(d),
the Pb?* removal efficiency showed a declining trend with
increased Cp values. On the contrary, the VS-Fe's
adsorption capacity increased from 48.70 mg/g to 302.25
mg/g with elevated Co values from 5 mg/I to 50 mg/L. The
metal ions get adsorbed rapidly onto the VS-Fe’s surface at
their lower concentration, thereby contributing to the

K Ce

Qe = qmaxm

maximum Pb?* removal efficiency. These binding sites on
the VS-Fe get accommodated over the uprising
concentration of Pb?* ions and become insufficient to hold
up more Pb?* ions, resulting in decreased Pb%* removal
efficiency (Jayalakshmi et al. 2022).

Table 1. Parameters estimated from Non-linear kinetic models

Pseudo-first order model
Qe(cal) = 225.71 mg/g, k1 = 0.0769 (min!), R? = 0.9517, RMSE =
7.4785, x?= 2.4492, SSE = 149.48
Pseudo-second order model

Ce(cal) = 248.61 mg/g, ky = 0.0004 (g/mg/min), R2= 0.9903,

RMSE = 3.3401, x?>= 0.4646, SSE = 68.90
Elovich model

Oe(cal) = 235.64 mg/g, o = 294.90, B = 0.0295; R? = 0:8918,

RMSE = 11.196, % = 5.4461, SSE = 78.603

To get insight into the details of VS-Fe’s surface properties
and their affinity towards Pb?" ions, the adsorption
isotherm modeling was assessed through a non-linear
regression approach. The following isotherm models, as
mentioned in Eq. (10), (12), (13) and (14), were used to
establish the correlation between Pb?* concentration and
VS-Fe nanoparticles.

Langmuir isotherm (10)

where gmax is maximum adsorption capacity (Balasubramanian et al. 2021), K is Pb2* adsorption constant’s free energy
(Balasubramanian et al. 2021)

1
= Separation factor (dimensionless 11
LT KRG p ( ) (1)
Qe = K,:Cl/nF Freundlich isotherm (12)
where K is Vs-Fe’s relative adsorption capacity, 1/nF is Pb?* adsorption intensity constant
RT
g = —In(KTCe) Temkin isotherm (13)

where K7 is Temkin constant, b is the intensity of Pb?* adsorption constant, R is the universal gas constant, T is the temperature
(K) (Balasubramanian et al. 2021)

Qe = qsexp(BD82>

€¢=RThn 1+i
Ce

Dubinin-Radushkevich (D-R) isotherm (14)

Polanyi potential (Jayalakshmi and Jeyanthi, 2019) (15)

where q; is saturation capacity (theoretical) and Bp is D-R isotherm constant

The corresponding kinetic parameters were obtained directly
from the fit of ge vs. Ce (plot not shown here). Table 2 presents
the values of isotherm model parameters, R? and EF.

Based on the higher R? and lower EF values (Table 2), the
best-fit isotherm model for Pb?* adsorption onto VS-Fe was
ordered as follows: Langmuir isotherm > Freundlich
isotherm > D-R isotherm. The results from Table 2 also
revealed that Temkin isotherm gave a poor fit for Pb?*
uptake due to the most negligible R? value and higher EF
value. The Langmuir isotherm showed a gmax of 1020.50
mg/g for Pb?* adsorption using VS-Fe. Moreover, Langmuir
isotherm’s suitability was further confirmed with the R_
value (0.796), showing values within 0 and 1. Therefore, the
findings showed the favourability of Langmuir isotherm.
Likewise, the Freundlich isotherm’s favourability on Pb?
adsorption was confirmed with its heterogeneity factor (ne

= 1.1980), showing values greater than 1. Thus, revealing
the surface heterogeneity of VS-Fe, thereby exposing their
chemisorptive behavior on Pb?* uptake. These results are
consistent with SEM results (Figure 4(b)). All these
established findings substantiate that both monolayer and
multilayer adsorption co-occurring governed the Pb%*
adsorption using VS-Fe. Moreover, it showed that the Pb?*
adsorption using VS-Fe might be driven by one or more
forces of attraction.

3.3. Mass transfer modeling for Pb%** adsorption onto VS-Fe

To predict the rate-controlling step and mass transfer of
Pb?* ions onto VS-Fe’s surface, mass transfer modeling was
assessed through a linear regression approach. The
following diffusion models, as mentioned in the following
Eqg. (16) and (17), were used to examine the transport of
Pb?* ions from their solution onto the VS-Fe’s surface.



Where kig and k¢q represent the diffusion constants of the
intraparticle and liquid film model, respectively, C;denotes
the boundary layer thickness between the Pb?* and Vs-Fe.

A = kigt”® +C;

Table 2. Isotherm parameters for Pb?* adsorption using VS-Fe

Langmuir g, =1020.50 mg/g, K. = 0.0102 L/mg, R.= 0.796
isotherm R2=0.9941, RMSE = 7.2075, x?= 1.4966, SSE =
3.0169
Freundlich ng=1.1980, K¢ = 14.667 L/mg
isotherm R?=0.9743, RMSE = 15.080, x> = 6.4003, SSE =
6193.9
Temkin b = 268.96 J/mol, Ky = 2.68 x107 L/mg
isotherm R2=0.13990, RMSE = 87.238, x*>= 249.77, SSE =
372.79
D-R gs = 297.52 mg/g, Bo = 0.0686 mol?/kJ?
isotherm R2=0.9039, RMSE = 29.155, x2= 2292.24, SSE =
3150.28

Table 3. Diffusion model parameters for Pb?* removal using VS-Fe

Intraparticle diffusion model
kia (mg/g/min®%) = 19.441, C;=80.798, R? = 0.9419
Liquid film diffusion model
ki (min't) = 0.0607, Csg = - 0.281, R? = 0.9904

The findings derived from Table 3 indicate that the rate-
limiting step for removing Pb?* onto VS-Fe cannot be
attributed to either intraparticle diffusion or liquid- film
diffusion. When the respective plots pass through the
origin, it has been suggested that either of these models
governs the mass transfer mechanism. The linear plot of
intraparticle diffusion for the Pb%* removal indicated a
departure from the origin, indicating the possibility of
surface diffusion in conjunction with intraparticle diffusion
(Fang et al. 2018; Egbedina et al. 2021). Moreover, the
elevated C; value (80.798) indicates that the adsorption of
Pb?* was significantly influenced by the boundary layer,
which could have experienced substantial resistance to the
external mass transfer (Dubey et al. 2015). The present
study further assessed the impact of the boundary layer on
the Pb?* adsorption by employing the Liquid film diffusion
model. Despite the fact that their linear plot did not exhibit
a passing through the origin, the minimal values of C¢ (-
0.281) suggest that the Pb?* adsorption may have been
slightly influenced by liquid film diffusion (Wei et al. 2016).
Therefore, the mass transfer of Pb%* ions onto VS-Fe is
influenced by multiple diffusion mechanisms.

3.4. Mechanism/interaction involved in sequestration of
Pb?* ions

The possible mechanism/interaction involved in the
sequestration of Pb?* ions using VS-Fe nanoparticles may
be reduction, electrostatic sorption and precipitation. An
increase in pH (6.0) facilitated the formation of a highly
porous layer of iron oxides (Fe-OH) and hydroxides (Fe-O-
OH), which in turn promoted the diffusion of Pb?* ions
towards the Fe®core. Hence, the reduction happens during
the sequestration of Pb?* ions. Moreover, the high [H*]
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The corresponding diffusion constants were obtained from
the linear plot of the intraparticle and liquid film diffusion
model (not shown here) and are presented in Table 3.

Intraparticle diffusion (16)
Liquid film diffusion (17)

under acidic conditions may impede the absorption of Pb?*
ions onto the positively charged VS-Fe surface (pH < pHpc)
as a result of electrostatic repulsion. As the pH levels get
elevated, the competition among reaction sites will be
reduced, leading to enhanced mobility of Pb?* ions towards
the negatively charged VS-Fe due to.  electrostatic
attraction. This phenomenon facilitates the efficient
removal of Pb?* ions.

Furthermore, the Pb?* ions precipitate in alkaline pH above
6 and form lead hydroxides. Hence, rendering the removal
of Pb?* ions through precipitation in alkaline pH (i.e., pH >
6). Due to the precipitation nature of lead species in
alkaline pH, their optimal pH was set as 6 for their effective
sequestration. At this optimal pH, the chemisorption is
dominant over physisorption. Additionally, the isotherm
and kinetic modeling findings revealed the dominance of
chemisorption. These results were further confirmed with
the SEM and FTIR analysis of Pb-loaded VS-Fe
nanoparticles.

3.5. Comparison studies on VS-Fe’s adsorption capability
with other adsorbents

Table 4 presents a comparison of various adsorbents
utilized for Pb?* adsorption, with a focus on their maximum
adsorption capacity. The qm value for VS-Fe was
determined to be 1020.50 mg/g, indicating favorable
performance. This value is comparatively more significant
than the qn, values reported for other adsorbents in the
literature.

Table 4. Comparison of various adsorbents utilized for Pb%*
adsorption

Om

Adsorbent Reference
(mg/g)
Activated carbon-supported .
. Liuetal.
nanoscale zero-valent iron 59.35
. 2019
composite
Kaolin (IK) supported nano 162 Lakkaboyana
zerovalent iron composite et al. 2021
Nanoscale zero-valent iron-carbon Shietal.
. 223.52
materials 2022
Copper slag-supported sulfidized 338.98 Shietal.
nanoscale zero-valent iron ) 2023
Carbon@nano-zero-valent iron 98.37 Yang et al.
composite ) 2023
Ifur- ifi I - T .
Sulfur-modified n.anosca e zero 246.40 ang eta
valent iron 2023
VS-F ticl P t
e nanoparticle 1020.50 resen
study

3.6. Feasibility of VS-Fe nanoparticles

The synthesis technique of VS-Fe is characterized by its
simplicity and cost-effectiveness, as it does not need any
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specialized knowledge. The utilization of Vigna stipulacea
seed extract as a reducing agent is advantageous due to its
natural composition, minimal chemical requirement,
sustainability and biocompatibility, hence rendering the
VS-Fe environmentally beneficial. Moreover, these Vigna
stipulacea plants are easily domesticated as they require
minimal water and demand little care and maintenance.
Furthermore, the VS seed extract proved its efficacy in
acting as a reducing agent in Fe® nanoparticle formation,
confirmed by their instrumental analysis. The key findings
are as follows: the UV analysis showed the corresponding
surface plasma resonance exhibited in its absorbance peak;
the XRD analysis established the crystal size formation in
nano-scale; the FTIR analysis showed the presence of
polyphenols and lignin content; the EDAX analysis
confirmed the existence of Fe species.

Additionally, the VS-Fe exhibited a greater surface area,
resulting in an increased adsorption capacity. Moreover, it
established adequate magnetic saturation, thereby
facilitating the separation process using an external
magnetic field. The non-functionalized VS-Fe exhibited a
maximum adsorption capacity compared to other
functionalized nano-iron. However, for long-term
applications, the stability of VS-Fe could still be improved
by functionally it with polymer to overcome the reduction
in electron transfer issues caused by the surface
passivation.

The regeneration capacity of VS-Fe (not reported here)
may be easily achieved for up to three cycles, resulting.in a
maximum removal effectiveness of 95%. It has the
potential to decrease the expenses associated with
wastewater treatment significantly. The dominance of
chemisorption might attributed to the reduction.in VS-Fe’s
regeneration capacity after the third cycle. However, for
long-term applications, the capability of VS-Fe could still be
improvised in future applications. to reuse it more
efficiently.

4, Conclusion

The present investigation focused on utilizing Vigna
stipulacea’s seed extract for synthesizing Fe nanoparticles
and reported their capability of eliminating Pb?* ions from
an aqueous environment. The UV-Vis analysis confirmed
the surface plasmon resonance spectra (285 nm) for VS-Fe
nanoparticles’ formation. In addition, a spherical shape
with'less agglomeration and uniform size distribution of VS-
Fe was observed from SEM analysis. Moreover, the FTIR
analysis showed the peaks associated with polyphenols
and other phytochemicals, which played a crucial role in
VS-Fe’s bioreduction and stabilization. Batch adsorption
studies on VS-Fe indicated maximum Pb?* removal (96.7%)
was achieved within 60 min using 0.01 g/ 100 mL dosage at
pH 6. The Pb%* adsorption using VS-Fe indicated a
reasonable fit to Langmuir and Freundlich isotherm
models. Moreover, the Langmuir isotherm showed a
monolayer adsorption capacity of 1020.50 mg/g.

Similarly, the Pb?* adsorption kinetics showed better
fitness with pseudo-second-order and the Elovich model.
Furthermore, it indicated the dominance of chemisorption

in Pb%* removal. The experimental findings suggest that VS-
Fe nanoparticles have the potential to serve as effective
adsorbents to eliminate Pb%* ions from wastewater.
Moreover, it facilitates the development of a cost-effective
wastewater treatment system to eliminate hazardous
metals, thereby mitigating the adverse impacts on water
quality. Thus, it can be inferred that the combined strategy
of nanotechnology and a greener approach can be utilized
for wastewater treatment, which in turn creates a new
frontier in environmental pollution.
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