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Abstract: The goal of the research was to devise a simple and environment-friendly approach to synthesize iron
nanoparticles (FeNPs) and evaluate the catalytic activity of biosynthesized FeNPs for the degradation of the cationic dye
Malachite Green (MG) in the presence of Peroxomonosulphate (PMS). Different instrumental approaches were used to
characterize green produced FeNPs, and the results show that the NPs are spherical and 48 nm in size. Increasing the
concentrations of nanoparticles (0.5 x 10 — 2.0 x 10™ mol/dm®), Peroxomonosulphate (1.0 x 10* = 5.0 x 10™* mol/dm’),
dye (1.0 x 10 — 5.0 x 10" mol/dm’), pH (5), and high temperature (25-35 °C) enhanced the degradation kinetics of
MG. Pseudo-first-order kinetics were used to describe the degradation of MG in the FeNPs/PMS system, and activation
parameters were derived. The maximum MG degrading efficiency for the FeNPs/PMS system was 88% in 60 minutes
under optimum reaction conditions. The structure of intermediates formed by MG degradation by FeNPs/PMS was
determined using UV-vis spectrum analysis. The application of synthesized FeNPs to improve Peroxomonosulphate
oxidation potential for MG degradation is a unique, efficient, promising, and eco-friendly technology because it does
not require any expensive reagents.
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1. Introduction

FeNPs have recently attracted a lot of attention because of their versatile properties, such as high catalytic activities
and higher intrinsic reactivity of their surface sites, which have applications in a variety of fields, including the food
industry [1], medical science [2], biosensing [3], catalysis [4], magnetic field-assisted separations [5], and analyses [6].
Shape and size of nanoparticles are important properties in their fabrication, processing, and applications due to their
large surface area, electron transport, and electrical conductivity that lead to their high catalytic reactivity [7-8].

For the production of iron-based nanoparticles and the modification of their surface properties, many chemical
and physical approaches have been established [9]. In physical and chemical procedures, toxic chemicals are used as
reducing agents, organic solvents, or non-biodegradable stabilizing agents, making them potentially harmful to the
environment and biological systems. The use of microorganisms and plant extracts in the biosynthesis of FeNPs has
been suggested as a viable environmentally benign alternative to chemical and physical approaches [10]. Plant extracts
commonly contain flavonoids, proteins, terpenoids, polyphenols, and other biomolecules that act as metal ion reducers
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and capping agents to reduce NP aggregation, consequently improving biological potential. The concentration of
reactants, time, temperature, and pH are parameters that can be modified during the synthesis to obtain nanoparticles
with different properties and applications [11]. Many recent studies have effectively demonstrated the production of
FeNPs utilizing natural resources such as Chlorophytum comosum leaf extracts [12], Plantago major [13], Mangifera
indica, Murraya Koenigii, Azadirachta indica, and Magnolia champaca [14], Eucalyptus tereticornis, Melaleuca
nesophila, and Rosmarinus officinal [15]. Eucalyptus leaves were utilized to fabricate distinctive green iron polyphenol
complex nanoparticles [16]. FeNPs are amorphous materials with a ferric ion situated in nanoparticles chelated by
plant polyphenols, according to an X-ray Absorption Spectroscopy (XAS) analysis. Here we choose the plant extract
approach for FeNPs production because of its unique properties and multifunctional applications.

Dyes are a particular subject of concern among organic pollutants, due to their complex structure and persistence.
They are difficult to decompose using conventional treatment procedures. Adsorption and flocculation, which
are common dye effluent treatment techniques, are inefficient because they produce solid residue, which causes
other environmental issues and needs further treatment [17-19]. Transition metal-related oxidative methods have
demonstrated increased removal efficiency for the degradation of carcinogenic pollutants into lower molecular weight
and reduced toxicity [20-21]. The results of NPs-treated textile wastewater revealed that some major compounds were
greatly diminished, bio-transformed, or completely degraded [22-23]. The most effective chemical oxidation approach
is an advanced oxidation technology, which is already gaining significant application in the water treatment process [24].
Activated persulfate oxidation, one of the AOPs, has recently received a lot of attention because of the comparatively
long lifetime of the sulfate radicals (SO,”, E, = 2.5 — 3.1 V) and the moderate reaction conditions [25]. Heat [26],
ultrasound [27], and transition metal [28]-generated sulfate radicals are extremely powerful oxidizing species, as
indicated by the fact that sulfate-containing compounds are the most effective oxidants. The catalytic activity and
oxidation state of transition metals influence the formation of reactive species such as sulfate radicals. A sulfate radical-
based mechanism was suggested when manganese, cobalt, copper, nickel, and silver transition metals were used [29-34],
and the same was suggested as one of the most efficient pathways when iron transition metal was used [35].

We developed an effective, eco-friendly, and convenient green technique for the synthesis of FeNPs from their
salt using leaf extract from the Indian medical plant Azadirachta indica (A. Indica), popularly known as neem, which
belongs to the Meliaceae family. Synthesized FeNPs were used to degradation an MG dye solution to test their catalytic
activity. The synthesis and applicability of the 4. Indica synthesized FeNPs was used as a catalyst in nitro-phenol
reduction [15]. According to our best knowledge from A. Indica synthesized FeNPs has not yet been explored in the
degradation of MG. In the dye industry, MG is classified as a triarylmethane dye and is used to color silk, paper, and
leather. When MG is released into receiving streams, it has adverse effects on aquatic life, including the liver, gills,
kidney, intestine, and pituitary gonadotrophic cells [36]. As a result, the removal of colored synthetic organic dyestuff
from waste effluents is essential for the environment. The primary goals of this study are as follows: i) To synthesis
stable FeNPs using a simple green approach; the low cost of this technology will be appealing for combating waterborne
disease and public health. ii) Studied the effect of different experimental conditions on the morphology of nanoparticles.
iii) Evaluate the effect of reactant concentrations, pH, temperature, and other conditions on MG degradation. iv) Propose
MG degradation pathway in the FeNPs/PMS system.

2. Material and method

2.1 Chemical and materials

MG (Sigma-Aldrich), Peroxomonosulphate (2KHSO,KHSO,K,SO, 95%) (Sigma-Aldrich), silver nitrate (AgNO;)
(E. Merck), and other reagents such as H,SO,, NaOH, Na,SO, were of analytical grade. In Kota, Rajasthan, India, the 4.
Indica (neem) plant was chosen. The plant leaves extract was prepared by boiling 10 g of leaves in 100 ml of water for
20 minutes at 80 °C. The extract was then vacuum-filtered and stored at 4 °C for subsequent testing.

2.2 Instrumentation

For measurements and characterizations, Scanning Electron Microscopy (SEM, Nova Nano FE-SEM 450 (FEI),
US) and transmission electron microscopy (TEM, Tecnai G2 20 (FEI) S-Twin, US) at 200 kV were used to analyze
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morphological characteristics. Dispersed NPs were centrifuged and ultra-sonicated for 40 minutes, following which
30 L aliquots were taken and placed on the stub for SEM study, and the ultra-sonicated dispersed suspension was
mounted on a standard carbon-coated Cu grid and dried under an IR lamp for TEM investigation. The functional
groups on the surface of FeNPs were investigated using the Fourier-transform infrared spectroscopy (FTIR), ALPHA-T
Bruker, Germany. A 1% (w/w) sample was mixed with 100 mg of KBr powder and pressed into a sheer slice for FTIR
measurement. For each measurement, an average of 32 scans with a resolution of 4 cm™ was recorded. Analyses using a
Peltier accessory (temperature-controlled) attached to a spectrophotometer (3000 + LAB INDIA) with a resolution of 1
nm were used to confirm completion of bio-reduction of the FeCl, solution and conduct a degradation study.

2.3 Iron nanoparticle synthesis

For the synthesis process, an aqueous solution of 1.0 x 10~ mol/dm’ FeCl, was prepared, heated at 60 °C in an oil
bath with magnetic stirring, and dropwise 15% leaf extracts were added in a round bottom flask. The reaction solution
color steadily changed from light yellowish to brownish-black within 60 minutes, confirming the bio-reduction of
Fe"” ions into FeNPs. The resultant dispersion was centrifuged for 15 minutes, and the supernatant was stored at 4 °C.
Different spectrophotometric techniques were used to confirm the formation of FeNPs. The influence of various
precursor salt (FeCl,) concentrations and leaf extract percentages in the synthesis process was also examined.

2.4 Kinetic measurements

The desired concentration of MG prepared in aqueous solution and requisite quantity of MG, FeNPs with other
reactants placed in Erlenmeyer flask at 30 °C. A known volume of PMS aqueous solution was used to initiate the
reaction. The kinetics were monitored using the absorbance of MG measured spectrophotometrically at max 618 nm at a
regular time interval. It was noticed that as time passes, the absorbance of the dye solution decreases, indicating that the
dye is degrading. At 618 nm, Beer’s law was seen over a concentration range of (1 x 10” to 1 x 10™* mol/dm”), and the
MG molar absorptivity index was calculated to be 2730 + 50 mol™ dm® cm™ [37]. The relationship between Log(C/C0)
and time was found to be linear, confirming pseudo-first-order kinetics. The progress of the reaction measures at least
80% of the reaction.

3. Results and discussion
3.1 Metal nanoparticle characterization results

UV-Visible absorbance spectroscopy has proven to be a very helpful tool for analyzing metal nanoparticles.
Because nanoparticles have a high surface area to volume ratio, the surface plasmon resonance frequency is particularly
sensitive to the shape and size of nanoparticles. The UV-Visible spectra of samples were recorded at different time
intervals for color change during the synthesis of FeNPs as presented in Figurel (inset). Previous research has also
observed similar color variations [38]. A dark brown color appeared after 60 minutes together with a high SPR peak
having maximum absorption at 258 nm which proves the formation of FeNPs (Figure 1) [39]. It is also evident that
the small increase in absorbance turns light brown color to dark brown, which indicates the formation of a nanocluster
of zero-valent FeNPs. The optical band gap was determined by the UV-visible spectrum of nanoparticle suspensions
applied Tauc expression 4.81 ev. The Tauc expression for direct transition is given by ahv = B (hv — E,)" where o is
absorption coefficient, B is constant having different values for different transitions, E, is the band gap energy, hv is the
energy of a photon and m is an exponent depending upon the electronic transition. For this study, the linear portion of
the plot between (ahv)’ versus hv taking n = 2 (for allowed direct transition band gap) where n = 1/m, was extrapolated
to obtain the optical band gap [20]. The band gap energies partially depend on the crystallinity of the sample, as the band
energies of the crystallized samples are compared with crystallized bulk materials. The band gap energies are higher
than the corresponding bulk materials. The findings can also be affected by synthesis procedure, nature of reactants, and
reaction conditions [40]. SEM and TEM analysis confirmed the morphology of synthesized FeNPs as shown in Figures
2(a) and 2(b). SEM images confirm the nanoparticles are grown with well-defined morphology and almost in a spherical
shape [41]. FeNPs are well isolated from one another in the TEM micrograph, indicating effective capping by water-
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soluble biomolecules present in the A. Indica leaves extract with spherical and size of 48 nm. Biomolecules are known
to bind to the surface of FeNPs, considerably increasing their surface charge and improving their stability by preventing
aggregation [42].

1
08
5
Z 06
3
g
‘E 04 -
<
02 -
0 1 I I
200 250 300 350 400

Wavelength (nm)

Figure 1. The color change of the dispersion photographs and the UV-Visible absorption spectra of FeNPs
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Figure 2. SEM [a], TEM [b] images of synthesized FeNPs at optimum reaction condition (FeCl, = 1.0 x 10° mol/dm’, leaf Extract = 15%,
pH = 6.0 and Temp = 60 °C)

3.1.1 Effect of leaf extract's percentage

UV-visible absorbance spectroscopy was used to investigate the effect of different leaf extract percentages in the
synthesis process. With a higher percentage of leaf extract, the absorption peak becomes broader. A weak absorption
peak at wavelength 258 nm was seen at a low percentage of leaf extract (5%), which could be due to insufficient ferrous
ion reduction. As the quantity of leaf extract increases up to 15%, the intensity of the absorption peak increases [43]. A
plot of the reaction conversion rate versus different percentages of leaf broth confirmed this effect (Figure 3). The results
revealed that the reaction conversion rate increases with the leaf extract percentage up to 15%, beyond which there
is no obvious growth trend, indicating colloidal FeNPs agglomeration at higher leaf extract percentages. A secondary
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reduction process happens on the surface of the performed nucleus due to the unusually large number of biomolecules
present, causing the particle size to increase [34]. In a conclusion, the ideal leaf extract percentage for the generation of
FeNPs is 15%.
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Figure 3. Effect of different percentages of leaf extract on the conversion rate of reaction at constant [FeCl;] = 1.0 x 10~ mol/dm’, pH = 6.0, and
Temperature = 60 °C

3.1.2 Effect of precursor salt concentration
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Figure 4. Effect of different concentrations of iron salt (0.5 x 10” mol/dm” to 2.0 x 10~ mol/dm’) on average particle size of FeNPs at leaf extract =
15%, pH = 6.0 and Temperature = 60 °C

The influence of iron chloride concentrations between 0.5 x 10° mol/dm’ to 2.0 x 10”° mol/dm’ on the formation
of FeNPs was investigated in this work. The size of green produced FeNPs is greatly dependent on the precursor salt
concentration. It was confirmed that when the concentration of FeCl, was increased from 0.5 x 10” mol/dm’ to 1.0 x
10° mol/dm’, the particle size of NPs decreased. The particle size grew, as the salt concentration was increased (Figure
4). The number of iron nuclei grows as the concentration of precursor salt increases, while the particle size decreases.
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However, at high reactant concentrations, an excess number of nuclei is formed, resulting in the increase of nuclei
aggregation and particle size. Similarly, Huang et al. observed aggregation of nanoparticles in the reduction of ferrous

ions using green tea extract [44]. Therefore, the optimum concentration of precursor salt is 1.0 x 10~ mol/dm’ for the
synthesis of FeNPs.

3.1.3 Stability of FeNPs

The stability of nanoparticles dispersion is a key factor in their application including the extremely sensitive to
oxygen and colloidal agglomeration [45]. A. Indica leaves extract was used as a reducing as well as capping agent
without any other special capping agents in this work to avoid contamination of other organic compounds. The
dispersion of FeNPs stabilized by aqueous leaves extract was centrifuged for 15 minutes. The supernatant obtained by
centrifugation was stored at 4 °C, and no precipitation or sedimentation was seen even after one month, indicating long-
term stability of the Fe colloids as prepared. It indicates the biomolecules included in the leaves extract of A. Indica,
such as flavonoids, terpenoids, and polyphenols, stabilized FeNPs. The possible equation for the synthesis of FeNPs are

Fe™? + A. Indica leaf extract % [Fe/A. Indica leaf ex‘rract]+2 )
Fe/A. Indica leaf extract]"> Stirring for 60 min Fe/A. Indica leaf extract 2)
60 °C

The leaf extract combines with Fe™ to generate the [Fe/A. Indica leaf extract] > complex when A. Indica leaf broth
is added to ferric chloride solution (Equation 1). After that, this complex reacts with a functional group of biomolecules
present in A. Indica leaf extract to produce [Fe/A. Indica leaf extract] (Equation 2). The synthesized nanoparticles
capped by biomolecules of leaves extract are also confirmed by FTIR results (Figure 5). The O-H and C = C stretching
vibrations are responsible for the absorption bands detected at 3393 cm™ and 1627 cm’, respectively. C-O-C and
absorption peaks are related to the band that emerges at 1076 cm™ [15]. The germinal methyl groups are generally
allocated to a band at 1384 cm™. According to the findings, through the interaction with electron or carbonyl groups,
flavonoids could be adsorbed on the surfaces of metal nanoparticles. The synthesis of bio-capped FeNPs could be
attributed to the presence of reducing sugar in the leaf extract.
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Figure 5. FT-IR Spectra of green synthesized FeNPs
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3.2 Effect of experimental conditions on the degradation process
3.2.1 UV-visible spectra of intermediates and degradation pathway

The capability of the green-produced FeNPs to catalyze MG was exceptional. The chemical features and structural
changes of MG degradation reaction within 60 minutes were illustrated by the UV-visible absorption spectrum (Figure
7). The absorbance spectrum of MG has three distinct peaks, the greatest of which is at 618 nm. During the degradation
process, this peak undergoes a blue shift, which has been linked to the nonselective attack of reactive oxygen species
on C-N bonds [46]. The lowering of the peaks at 312 and 425 nm indicates the complete degradation of the conjugated
chromophore structure dye molecule [47]. The production of 4-(dimethylamino) benzophenone is indicated by a small
increase in absorbance between 340-360 nm [46-47]. The identification of a degradation route that culminates in
monosubstituted aromatic rings and end products is also noteworthy. The following path is proposed based on observed
results obtained from spectrum changes during MG degradation (Figure 6).
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Figure 6. Proposed oxidative degradation route of MG in FeNPs/PMS system

Yong et al. reported that MG degradation might be initiated by two mechanisms: 1) hydroxyl radical attack on
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the central carbon of MG, or 2) N-demethylation or deamination of MG [47]. MG reacted with the produced hydroxyl
radicals in this FeNPs/PMS study, generating 4-(dimethylamino) benzophenone and 3-dimethylaminophenol by
combining PMS and FeNPs through the first pathway. In the photocatalytic degradation of MG dye, a benzophenone
has also been found as a degradation product [48]. The current investigation finds none of the chemicals linked to the
second mechanism suggested by Yong et al. [47].
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Figure 7. In the FeNPs/PMS system, the UV-vis spectrum shifts with reaction time ([PMS] =5 x 10 mol/dm’, [MG] = 5 x 10” mol/dm’,
[FeNPs] = 1 x 10™* mol/dm’, pH = 3.0 and Temperature 30 °C).

3.2.2 Dye dependence

At 30 °C, the initial concentration of MG varied from 1.0 x 107 to 1.0 x 10 mol/dm’, whereas the concentrations
of the other reactants and reaction conditions remain constant. The rate of degradation was shown to increase when the
concentration of MG in the FeNPs/PMS system increased. This could be attributed to an increase in dye concentration,
which enhanced the reaction rate because there were more dye molecules available to degrade. The degradation rate was
reduced after a particular concentration of dye (5 x 10”° mol/dm’) was reached (Table 1). This can be explained by the
fact that the availability of SO, radicals is reduced at constant oxidant concentrations, resulting in the greatly decreased
MG decomposition [49].

3.2.3 Peroxomonosulphate (PMS) dependence

The degradation experiment was carried out with FeNPs at various concentrations of PMS (1.0 x 10* to 1.0 x 10
mol/dm’) and constant concentrations of other reactants and conditions. The oxidant Peroxomonosulphate is usually
applied in advanced oxidation processes based on sulfate radicals and has a standard redox potential of E° = 1.82 V.
The SO* radicals (SRs) based mechanism dominates PMS, and radicals are generated by catalytic activation of PMS
(Equation 3).

2HSO, + Fe°® — Fe (I) + 2SO, + 20H" 3)

Sulfate radicals (SRs) are generated and degrade MG molecules quickly, converting them to products. When the
concentration of PMS rises, the rate of degradation rises as well. The findings imply that as oxidant concentrations rise,
the number of SRs rises, increasing the rate of oxidation Fe® to Fe** ion, therefore, improving MG oxidative degradation.
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The degradation rate increases until the PMS concentration reaches 5.0 x 10* mol/dm’, after which it remains constant
at higher PMS concentrations, showing that the active sites of fixed catalyst concentration gradually become the limiting
factor (Table 1) [50].

3.2.4 Effect of initial pH

The initial pH of the solution is significant in dye degradation because pH changes the surface charge properties of
the catalyst. MG degradation was studied at several initial pH solution values ranging from 3 to 9, which were adjusted
with either 0.1 mol/dm’ HCl or 0.1 mol/dm’ NaOH. The findings show that at acidic pH, the rate of degradation is faster
(Table 1). In a previous study employing nano valent iron to degrade azo dyes, a similar pattern was observed [51]. At
lower pH which has more H+ ions, FeNPs can donate electrons to more ions, converting them to atoms. These atoms
then attack the dye molecule, which eventually degrades.

Table 1. Effect of variation of [PMS] [MG] and pH an oxidative degradation of MG at 30 °C

S.No. 10°[PMS] mol/dm’ 10°[MG] mol/dm’ 10°[FeNPs] mol/dm’ pH 10°K,, (sec™)
1 1.0 5.0 1.0 3.0 0.50
2 2.5 5.0 1.0 3.0 125
3 5.0 5.0 1.0 3.0 2.15
4 7.5 5.0 1.0 3.0 2.20
5 10.0 5.0 1.0 3.0 221
6 5.0 1.0 1.0 3.0 1.15
7 5.0 2.5 1.0 3.0 1.80
8 5.0 5.0 1.0 3.0 2.15
9 5.0 75 1.0 3.0 2.00
10 5.0 10.0 1.0 3.0 1.60
11 5.0 5.0 1.0 3.0 2.15
12 5.0 5.0 1.0 5.0 2.0
13 5.0 5.0 1.0 7.0 1.6
14 5.0 5.0 1.0 9.0 1.0

3.2.5 FeNPs and temperature dependence

FeNPs catalytic activity was evaluated in a PMS system with MG at concentrations ranging from 0.5 x 10™ to
2.0 x 10™® mol/dm’ at three different temperatures: 25, 30, and 35 °C. To demonstrate the catalytic activity, a graph is
shown between the concentration of FeNPs and the rate constant obtained at three different temperatures. The graph
shows that as the concentration of FeNPs increased, more active sites on the surface of Fe’ were available for PMS to
occupy, allowing for the generation of more reactive species (Figure 8) [28]. As a result, the rate of MG degradation was
enhanced as the temperature increased. The value of the energy of activation (20.41 kJ/mol') was calculated from the
plot of log (k) versus 1/T.

obs.

Advanced Energy Conversion Materials 24 | Vijay Devra, et al.



5
4
M
x@
5
=, ® 25°C
B 30°C
1 -
35°C
0 ! ! ! ! ! 1
0 05 1 15 2 25

10* [FeNPs] mol/dm’

Figure 8. Effect of [FeNPs] on degradation rate of MG at three Temperature and Fixed [PMS] = 5 x 10™* mol/dm’ [MG] =5 x 10° mol/dm’ and
pH=3.0

3.2.6 Effect of ionic strength

The zeta potential of colloidal particles in water is affected by ionic strength. The outer sphere interaction between
particles and solute can be affected as ionic strength increases. Covalent and ionic bonding, on the other hand, are
well defined, and inner-sphere complexation is rarely affected [52]. At a constant concentration of reactants, the ionic
strength was varied by varying concentrations of sodium sulfate (0.3 — 3.0) x 10™ mol/dm’ at 30 °C. The results show
that in the Fe/PMS system, ionic strength did not affect MG degradation. As a result, the inner sphere interaction
between HSOs™ and the active site on the Fe” Surface was confirmed to be the catalytic reaction route.

3.2.7 Mechanism

Sulfate ions have longer life due to their reaction occurring via the electron transfer process [53]. The high
reactivity of the sulfate anion can be contributed to its redox partner bisulfate/sulfate ions ability as a leaving group
separation and purification technology. Therefore, this property of sulfate radicals may be useful to the degradation of
dyeing wastewater. Based on the findings of the kinetic degradation investigation, it can be concluded that the oxidative
degradation of MG dye in the presence of FeNPs by PMS is a radical-based mechanism, with sulfate radical ions (SO,")
being formed during catalytic activation of HSO, (PMS). The catalyst’s role as a mediator for electron transfer to PMS
has also been documented [28]. The plausible mechanism in support of the observed kinetics is as below.

2HSOs™ +Fe® — Fe(Il) + 280, +20H"

280, +Fe(Il) + MG — Products + Fe’

Fe’
2HSO5 + MG — Products + 20H™
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4. Conclusion

The current study shows that 4. Indica leaf extract can produce extremely stable FeNPs that can be used as a
reducing and capping agent. Therefore, synthesized FeNPs have stability for one month at 4 °C temperature without
any protecting gas. The above experimental results reveal that the synthesis of FeNPs by bio-reduction of iron salt was
highly dependent on process factors such as leaf extract concentration and iron salt concentration. The characterization
results suggest that synthesized FeNPs were nano-sized and in a spherical shape. FT-IR spectroscopy was used to
investigate the reduction and stabilization processes induced by the functional groups of 4. Indica extract. The optimal
conditions for the synthesis of FeNPs are 1.0 x 10~ mol/dm’ iron salt concentration and 15% leaf extract at 60 °C
temperature. The FeNPs were effective for activating PMS and producing sulfate radicals, which were applied to
degrade the MG dye. The rate of MG degradation increases as the catalyst, PMS concentration, and temperature are
increased. According to the findings, FeNPs have a lot of potential for dye degradation technologies.
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