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A B S T R A C T

Plant-mediated green synthesis of nanoparticles is an eco-friendly and cheap method since it makes use of phyto-
compounds present in various plant parts as reducing and stabilizing agents. Herein, magnetic, ferric oxide
nanoparticles (FONPs) were prepared by utilizing the leaf extract of Peltophorum pterocarpum for the first time.
Rod-like FONPs with agglomerations were witnessed in FE-SEM images. Sharp peaks for elemental oxygen and
iron were witnessed in EDS spectrum. XRD spectrum ascertained the crystallinity of the FONPs and showed both
γ and α–Fe2O3 phases. The average crystallite size was 16.99 nm. A large specific surface area (66.44m2/g) was
found in BET analysis and the FONPs were mesoporous (pore diameter= 7.92 nm). TGA results showed a 20%
weight loss during heating up to 800 °C. FTIR spectrum showed significant bands for various phyto-compounds
and Fe–O. The Fenton-like catalytic efficiency of FONPs was studied for the methylene blue dye degradation
during which 90% removal was noticed within 220min. The experimental results were satisfactorily fitted into a
second-order model with a degradation constant of 0.0987 L/mg min. Also, the catalytic activity of the FONPs
was assessed for the removal of MB dye with the reducing agent NaBH4. A remarkable dye degradation (92%)
was attained within 27min, and the results were best suited for a first-order model with a kinetic degradation
constant of 0.0856min−1. Therefore, the green-synthesized FONPs obtained here could be used in the de-
gradation of dyes as nanocatalysts for the remediation of wastewater.

1. Introduction

The field of nanotechnology is an upcoming research area which has
multifaceted applications (Thivaharan et al., 2018). This field has
grown by leaps and bounds over the past two decades owing to the
unique features of the nanoparticles such as small size, high surface
area, catalytic activity, specific optical property, sensing capacity,
biocompatibility, antibacterial activity, antioxidant activity, and ad-
sorptive ability etc (Amstad et al., 2011; Hussain et al., 2016; Ju-Nam
and Lead, 2008; Raghunath and Perumal, 2017; Schröfel et al., 2014).
Amidst various nanoparticles, ferric oxide nanoparticles (FONPs) are
one of the most important types of metal oxide nanoparticles because of
its salient characteristics like magnetic property, biocompatibility and
high surface to volume ratio (Mishra and Chun, 2015). Therefore, they
are used in many environmental applications such as catalysis, ad-
sorption of many dyes, heavy metals, and antibiotics from wastewater
(Carvalho and Carvalho, 2017)(García et al., 2019).

There are many conventional methods available to synthesize
FONPs, like co-precipitation, micro-emulsion, sol-gel, solvothermal,
thermal decomposition and chemical methods. Nevertheless, these
processes utilize high-priced and toxic chemicals and employ energy-
intensive processes. To overcome the drawbacks as mentioned above of
conventional synthesis processes, nowadays, an environmentally be-
nign method which makes use of plant extracts, popularly known as
“plant-mediated green synthesis” is becoming attractive owing to the
less cost, eco-friendliness, and rapidness (Kharissova et al., 2013). The
increase in the number of published articles using plant extracts to
synthesize nanoparticles witnesses the significance of this method
(Peralta-Videa et al., 2016).

The plant extracts contain various phyto-compounds which act as
both capping and reducing agent to form nanoparticles (Sathiyavimal
et al., 2018). Moreover, the standard reduction potential of these phyto-
compounds is around 0.534 V whereas it is −0.44 V for metallic iron
and therefore the reduction process is spontaneous (Groiss et al., 2017).
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Apart from the reduction, the phyto-compounds surround the nano-
particles thereby providing stability and unique morphology(Makarov
et al., 2014)(Varadavenkatesan et al., 2019).

According to a brief literature review, there are only a few articles
which report the synthesis of FONPs by plant sources. Few examples
include, the leaf extract of Camellia sinensis (Ahmmad et al., 2013),
Eucalyptus Globulus (Balamurugan et al., 2014), Aloe vera (Mukherjee
et al., 2016), Sageretia thea (Khalil et al., 2017), Ailanthus excels (Asoufi
et al., 2018), Rhus punjabensis (Naz et al., 2019), root extract of Aris-
aema amurense (Narayanan and Sung, 2016) and fruit extract of Cyno-
metra ramiflora (Bishnoi et al., 2018) which were used recently to
synthesize FONPs. However, there is no report on the preparation of
FONPs utilizing the leaf extract of Peltophorum pterocarpum. This tree is
also known as copper pod tree, and the reduction capacity of the leaf
extract has previously been explored by our research team for the
preparation of ZnO nanoparticles (Pai et al., 2019). Hence, the green
synthesis of FONPs by a sustainable material, the leaf extract of
P.pterocarpum is considered here as a novel area of research.

There are many dyes used in textile, dyeing, paper and tannery
industries which generate a lot of dye-laden wastewater effluents that
pose an environmental threat (Fathima et al., 2018) (Saratale et al.,
2018). Removal of these dyes from the wastewater is one of the chal-
lenges in the environmental field (Nandhini et al., 2019). Biological
methods and other conventional methods such as adsorption, electro-
dialysis, ozonation, photochemical methods are either costly or low-
efficient. However, an advanced oxidation process which is popularly
known as the Fenton-like process is a powerful method for the re-
mediation of dye-laden wastewater (Xue et al., 2009). This process
makes use of iron oxide or zero-valent iron nanoparticles as the source
for the generation of hydroxyl radicals when reacts with hydrogen
peroxide whereas the conventional Fenton process utilizes the dissolved
ferrous ions (from ferrous sulfate) as the source (Wang et al., 2016). The
significant advantages of the Fenton-like process are mild operating
conditions (non-acidic/circumneutral pH) (Xue et al., 2009) and the
avoidance of sludge formation at the end of the treatment process (Zha
et al., 2014).

Therefore, in the present study, the objectives are to (1) synthesize
and characterize the magnetic FONPs by making use of the water ex-
tract of P.pterocarpum leaves; (2) examine the Fenton-like catalytic ef-
ficiency and (3) study the catalytic potential of the synthesized FONPs
to degrade methylene blue (MB) dye, a model pollutant, with the re-
ductant NaBH4.

2. Materials and methods

2.1. Materials

Ferrous sulfate heptahydrate (FeSO4.7H2O), NaOH, NaBH4 and MB
dye were obtained from Merck, India.

2.2. Peltophorum pterocarpum leaf extract preparation

The leaves were collected in the month of August, in our university
premises. The leaf extract of P.pterocarpum was prepared following our
earlier report (Pai et al., 2019). The leaf extract was named as “Copper
Pod Leaf Extract” (CPLE) and kept at 4 °C for future usage.

2.3. Synthesis of FONPs

0.1M FeSO4.7H2O solution and CPLE at 1:1 (v/v) were mixed in a
flask, and 2M NaOH was added intermittently to this mixture. The
contents turned to black colored solution upon boiling for 60min in an
electrical heater which suggested the formation of ferric oxide nano-
particles (CP–FONPs). The formed nanoparticles were parted from the
solution by a magnet and washed periodically with distilled water.
Later, they were oven-dried at 100 °C, for 8 h and kept in a container for

subsequent usage.

2.4. Fenton-like catalytic activity of CP–FONPs for the degradation of MB
dye

Fenton-like catalytic experiments were conducted at room tem-
perature in a rotary shaker. The experimental procedure was similar to
the one, reported elsewhere(Shahwan et al., 2011), with few mod-
ifications. Briefly, 45mL of 25 ppmMB dye, 5mL of 10% H2O2 and
50mg of CP–FONPs were taken in a conical flask and kept in the rotary
shaker at 150 rpm. At regular time intervals, samples were collected
from the reaction mixture using a magnet. UV–Visible spectro-
photometer (UV-1700, SHIMADZU) was employed to record the ab-
sorbance spectrum. The concentration of the dye was determined using
a standard plot which was recorded at 665 nm (λmax). The kinetic data
of MB dye degradation were fitted to the first and second-order rate
equations (Shahwan et al., 2011). The design equations for both are
given by (Eqn. (1) & (2)),
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where, Co, Ct, and Ce are the concentrations of MB dye at the initial
stage, at any time ‘t' and equilibrium respectively. K1 and K2 denote the
first and second order degradation rate constants respectively.

2.5. Degradation of MB dye in the presence of CP–FONPs and NaBH4

The catalytic degradation of MB dye in the presence of CP–FONPs,
and NaBH4 was carried out according to the procedure given in the
literature (Cheera et al., 2016) with slight modifications. The procedure
involved was as follows: 3 mL of MB dye (20 ppm) was taken in a clean
quartz cuvette and freshly prepared 300 μL NaBH4 (100mM) was
added. To this reaction mixture, 15mg of CP–FONPs was added, and
the variations in the absorbance spectra were monitored continuously.
The obtained kinetic data were considered for fitting into first and
second order models (Eqn. (1) & (2)).

2.6. Characterization of CP–FONPs

The purified CP–FONPs were characterized by various techniques.
The surface morphology and individual elements present in the sample
were analyzed using Field Emission Scanning Electron Microscope (FE-
SEM), Carl Zeiss (ZEISS, Sigma) and EDS respectively. X-Ray dif-
fractometer (Rigaku Miniflex 600) was used to determine the crystal-
linity of the CP–FONPs. The specific surface area (SSA) and pore
structure were determined by BET instrument (Smart Instruments,
Mumbai). TGA data were obtained from TGA55 (0550–0543) instru-
ment (27–800 °C; N2 atmosphere; 10 °C/min heating rate). The in-
volvement of specific chemical groups was checked from the spectrum
obtained from FTIR Spectrophotometer (SHIMADZU, 8400S).

3. Results and discussions

3.1. Synthesis of CP–FONPs and UV–vis studies

The formation process of ferric oxide nanoparticles from the copper
pod leaves has been depicted in Fig. 1. Herein, a black colored solution
(E) was formed when the brown CPLE (C) was added to 0.1M FeSO4

solution (D) and 2M NaOH while heating for 60min in an electric
heater which indicated the formation of magnetic CP–FONPs (Kumar
et al., 2016). This result is concordance with our earlier study for
FONPs synthesized using Cynometra ramiflora fruit extract(Bishnoi
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et al., 2018). The change in coloration is owing to the interaction be-
tween the phytochemicals and ferrous ions, and thus spontaneous re-
duction occurs (Weng et al., 2013). The resulting solution was allowed
to settle, and the CP–FONPs were parted by a magnet. Periodical
washing with distilled water and drying yielded a black colored product
(D). The magnetic attraction of CP–FONPs can be visualized in Fig. 2.

The UV–vis spectral image of the leaf extract and CP–FONPs sus-
pension is shown in Fig. 3. A characteristic peak for the polyphenolic
compounds at 273 nm can be visualized from the spectrum of the leaf
extract whereas no specific peak was observed for CP–FONPs. This
endorses the reduction process between the phyto-compounds of CPLE

and FeSO4 (Groiss et al., 2017). The continuous absorption band of
CP–FONPs corroborated the formation of FONPs. This result exactly
matches with the UV–vis spectra of the iron-oxide nanoparticles pre-
pared using the Cynara cardunculus leaf extract (Ruíz-Baltazar et al.,
2019) and seaweed extract (Yew et al., 2016). The prominent absorp-
tion spectrum in the visible region has been reported for green-syn-
thesized iron oxide nanoparticles by many researchers (Dash et al.,
2019; Hoag et al., 2009; Njagi et al., 2011; Sirdeshpande et al., 2018).

3.2. SEM & EDS

The SEM image (Fig. 4) at two different magnifications displays the
morphology of the CP–FONPs as irregular rod-like structures. A similar
kind of rod-like morphology of FONPs was reported in the literature
(Zhang et al., 2012). It is mentioned that the irregular shape of the
nanoparticles is common in powdery and porous materials which as-
certain relatively rough surfaces (Maji et al., 2012).

A few agglomerations were noticed in the SEM image which might
be due to the interactions between the biomolecules and FONPs as
mentioned in many green-synthesized iron nanoparticles (Groiss et al.,
2017; Huang et al., 2015; Weng et al., 2013) (Aksu Demirezen, Yıldız,
Yılmaz, et al., 2019) (Farshchi et al., 2018). Very recently, an article has
reported iron oxide nanoparticles utilizing Ruellia tuberosa leaf extract
with agglomerations (Vasantharaj et al., 2019a). The results are in
agreement with another published article where it is mentioned that the
agglomeration may be due to the stearic effect ascribed to the inter-
action of the active sites of nanoparticles and the magnetic nature of the
CP–FONPs (Ruíz-Baltazar et al., 2019).

The sharp peaks between 6 and 8 keV in the EDS image (Fig. 5)
confirmed the presence of elemental iron (Vasantharaj et al., 2019a).
The significant peak at 0.6 keV affirmed the existence of elemental
oxygen. These peaks confirm that FONPs were present in the sample.
Apart from iron and oxygen, few elements such as sodium, calcium, and
silicon were also witnessed in the spectrum which may be caused from
the glass slide on which the sample was deposited (Vinayagam et al.,
2017) (Vinayagam et al., 2018). The sulfur and sodium peaks must have
originated from the FeSO4 precursor and NaOH used in the synthesis
process. The atomic percentages obtained from EDS quantification were
56.23% of O, 5.56% of Fe, 30.07% of Na, 1.65% of Si, 6.33% of S and
0.16% of Ca. The atomic compositions of Fe and O obtained in the
current study corroborated the existence of FONPs in the sample. Si-
milar proportions were mentioned for the FONPs prepared by utilizing
the leaf extract of Eucalyptus globulus (Balamurugan et al., 2014) and
fruit extract of Ficus carica (Aksu Demirezen, Yıldız, Yılmaz, et al.,
2019). The high composition of oxygen ascertained the fact that the
prepared nanoparticles are in iron oxide form (Aksu Demirezen, Yıldız,

Fig. 1. (A). Peltophorum pterocarpum leaves, (B).Cleaned Peltophorum pterocarpum (C). Leaf extract, (D). FeSO4 solution, (E). CP–FONPs, and (F) purified CP–FONPs.

Fig. 2. The magnetic attraction of CP–FONPs (A. CP–FONPs in solution state; B.
Magnetic attraction of CP–FONPs towards a magnet).

Fig. 3. UV–vis spectrum of leaf extract and CP–FONPs suspension.
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and Demirezen Yılmaz, 2019).

3.3. XRD

The XRD spectrum of the CP–FONPs was depicted in Fig. 6. The
image showed three distinct peaks at 2θ (°)= 29.61, 31.73, 34.05
which corresponded to phase planes of (220), (104) and (310) respec-
tively. The peaks at 29.61 and 34.05 and their corresponding planes are
in concordance with the standard maghemite (γ-Fe2O3) phase [JCPDS
Card No. 39–1346](Yu et al., 2010). Furthermore, the peak at 31.73
and its respective plane matches with hematite (α-Fe2O3) phase [JCPDS
Card No. 33–0664] (Yu et al., 2010). Iron oxide nanoparticles with
different phases (γ and α) have been reported already(Sahoo et al.,
2010; Yu et al., 2010). The small peak at 21° corresponds to poly-
phenols of the plant extract (Groiss et al., 2017). Absence of other peaks
corroborates the fact that the sample is highly pure Fe2O3.

The mean crystallite size of the CP–FONPs was determined as
16.99 nm by using Scherrer's formula (Litvin and Minaev, 2013) which
corroborated the nano-range of the FONPs (Table 1). Mean size of
29 nm has been reported for the synthesis of Fe2O3 using Sageretia thea
extracts (Khalil et al., 2017). Equivalently, 33 nm was published for the

Fe2O3 synthesized using Camellia sinensis extract (Ahmmad et al.,
2013).

3.4. BET analysis

The SSA and total pore volume of CP–FONPs were 66.44m2/g and
0.1315 cm3/g respectively as given by BET method. The obtained SSA is
almost 11 times higher than the commercial Fe2O3 (6m2/g) (Ahmmad
et al., 2013) which indicated the formation of highly porous structure
(Guo et al., 2014). The high surface area can be attributed to the small
crystal size as obtained in XRD studies. The diameter of the pores was
determined as 7.92 nm which substantiated the mesoporous nature of
the CP–FONPs. The size of the nanoparticles was determined as
17.23 nm which confirmed the nanosize of the CP–FONPs. The large
surface area and mesoscopic structure may render an excellent catalytic
property to the CP–FONPs.

3.5. TGA

The TGA curve in Fig. 7 indicated a substantial loss in the weight of
CP–FONPs between 27 °C and 800 °C. An initial reduction of 3.81%

Fig. 4. FE-SEM images of the CP–FONPs (A). 20 kX magnification, (B). 80 kX magnification.

Fig. 5. EDS spectrum of the CP–FONPs.
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(27–100 °C) was observed due to the removal of physisorbed water and
other volatile contents present in CP–FONPs (Ahmmad et al., 2013). A
weight loss of 4.26% was noticed from 100 to 300 °C which might be
due to the decomposition of biomolecules surrounding the CP–FONPs.
After that, a steep decrease in weight was observed from 300 to 800 °C
(8.22%) which indicated adsorbed oxygen species (Basavegowda et al.,
2017). There was a 3.27% weight loss between 700 and 800 °C. Overall,
there was a 20% weight loss, and therefore it can be concluded that the
weight loss is mainly because of dehydration and decomposition of
biomolecules present in the CP–FONPs (Khatami et al., 2019; Sneha and
Sundaram, 2015).

3.6. FTIR analysis

The existence of specific functional groups in the CP–FONPs was
ascertained using FTIR pattern (Fig. 8) which was measured over the

spectral range (4000–400 cm−1). Various bands such as 3469, 2357,
1686, 1458, 1148, 739 and 422 (cm−1) were noticed. The bands be-
tween 400 and 700 cm−1 are associated with Fe–O groups
(Karpagavinayagam and Vedhi, 2019). The medium band at 739 cm−1

and a small band at 422 cm−1 confirmed the Fe–O bending vibrations
(Aksu Demirezen, Yıldız, Yılmaz, et al., 2019). Also, the band at
1148 cm−1 corresponded to the vibration of crystalline Fe–O mode
which is the characteristic feature of Fe2O3 (Maji et al., 2012). The wide
band observed at 3469 denoted O–H stretching (Pugazhendhi et al.,
2019), which revealed the phenolic compounds of CPLE (Sebastian
et al., 2019). The 1660 cm−1 band belonged to the C=C stretching
vibration of alkenes (Raut et al., 2014; Vasantharaj et al., 2019b). A
sharp band at 2357 cm−1 corresponded to the S–N vibrations of L-cy-
steine present in CPLE (Raja et al., 2015; Varadavenkatesan et al.,
2017).

Another sharp band at 1458 cm−1 belonged to C–H scissoring and
bending of alkane functional groups present in CPLE. Hence, these
specific bands endorse the interaction of phyto-compounds of CPLE
which showed a significant role in the formation of CP–FONPs.
Moreover, their presence provides stabilization to the CP–FONPs
(Khalil et al., 2017).

Fig. 6. XRD spectrum of the CP–FONPs.

Table 1
XRD parameters and crystallite parameters of CP–FONPs.

Peak No. 2θ (deg) Plane (hkl) Phase FWHM (deg) Crystallite size (nm)

1 29.61 220 γ-Fe2O3 0.4194 21.05
2 31.73 104 α-Fe2O3 0.7354 12.04
3 34.05 310 γ-Fe2O3 0.4932 17.89

Fig. 7. TGA curve of the CP–FONPs.
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3.7. Fenton-like catalytic activity of CP–FONPs for the degradation of MB
dye

Fig. 9 demonstrates the decolorization of MB dye by CP–FONPs in
the presence of H2O2. The bottle A which had MB dye and H2O2 did not
display any significant reduction in the color while the vial B which
contained CP–FONPs along with MB dye and H2O2 showed substantial
changes in the color intensity. The decline in absorbance at 665 nm
with time can be visualized. The degradation starts instantaneously
with approximately 50% of the dye being degraded within 5min re-
action time. Almost 90% of dye was degraded within 220min (Fig. 9:
Inset C). It is believed that the rapidness of the degradation process may
be due to the +3 oxidation state of the iron present in FONPs which
enhances the degradation process (Xue et al., 2009). The final color of
the vial B and the attraction of CP–FONPs towards the magnet con-
firmed the retention of magnetic separation capacity of nanoparticles
(Fig. 9: Inset B).

Eqs. (1) and (2) were used to fit the decolorization data and the
linear plots are shown in Fig. 10. It is evident from the figure that ex-
cellent linearity is obtained for the second order model. The linear
correlation coefficient (R2) values were 0.735 and 0.963 for the first
and second order models respectively. Similarly, the degradation rate
constants, K1 and K2 were 0.0395 min−1 and 0.0987 L/mg min re-
spectively (Table 2). Therefore, the second order kinetics best fits the
decolorization process. Similar kind of conclusions was obtained for the

MB dye degradation by green-synthesized iron nanoparticles in the
presence of H2O2 (Shahwan et al., 2011).

For the decolorization of MB dye, the generation of highly reactive
hydroxyl radicals (HO•) is important. In the Fenton-like process, these
are generated in a series of reactions as given by Eqn. (3–5)

Fe3+ + H2O2 → Fe3+(H2O2) (3)

Fe3+(H2O2) → Fe2+ + H+ + HO2• (4)

Fe2+ + H2O2 → Fe3+ + OH− + HO• (5)

Briefly, in the first reaction, the ferric ion (Fe3+) from the
CP–FONPs forms an intermediate, Fe3+(H2O2) by the adsorption of
H2O2 on its surface (Eqn. (3)). This intermediate disassociates to form
Fe2+, H+ and hydroperoxyl radical (HO2•) in the second reaction (Eqn.
(4)). In the end, this Fe2+ is oxidized to form Fe3+, OH− and (HO•)
radicals (Eqn. (5)). The (HO•) were generated continuously because of
the strong oxidation capacity of H2O2 (Li et al., 2019). Thus, the gen-
erated (HO•) acts on MB dye to give non-toxic products such as CO2 and
H2O (Eqn. (6)).

MB dye + HO• → nCO2 + nH2O (6)

A similar type of mechanism was reported by many researchers for
the degradation of dyes by Fenton-like catalysts such as commercially
available iron (II, III) oxide nanoparticles (Xue et al., 2009), green

Fig. 8. FTIR spectrum of the CP–FONPs.

Fig. 9. Degradation of MB dye with time in the presence of CP–FONPs and H2O2 (Inset: (A) Initial color, (B) Final color, (C) Plot of MB dye concentration vs. time.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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-synthesized iron nanoparticles (Garole et al., 2018) (Groiss et al.,
2017).

3.8. Degradation of MB dye with CP–FONPs and NaBH4

It is known that the decolorization of MB dye by NaBH4 is a slow
process (Selvaraj, Raja; Yadav, P. Manjunath, 2019). In general, nano-
catalysts can make the reaction kinetically possible by decreasing the
time (Naseem et al., 2019). Thus, to enhance the degradation process
and verify the catalytic activity of CP–FONPs, it was added to the re-
action mixture, and UV–visible spectra were used to monitor the pro-
gress of degradation.

The rapid decreasing trend in the absorbance spectra and the
characteristic MB dye peak at 665 nm can be visualized from Fig. 11.
The original color of the MB dye (Fig. 11: Inset A) was almost com-
pletely lost (Fig. 11: Inset B) within 27min of reaction in the presence
of CP–FONPs. The magnetic attraction of the reacted CP–FONPs can
also be witnessed here. The degradation process depicted 92% removal
of the dye (Fig. 11: Inset C). The results are comparable with the ex-
isting report (Cheera et al., 2016), in which it took 30min to remove

96% of MB dye using iron oxide nanoparticles, green-synthesized using
Ridge gourd peel extract.

It is quoted that the decrease in the absorbance value at 665 nm is
because of the breaking down of double bond in the chromophore of
MB dye by hydrogen which was liberated from NaBH4(Cheera et al.,
2016)(Edison et al., 2016). The mechanism of dye degradation can be
explained by a process known as “electron relay process” (Selvaraj,
Raja; Yadav, P. Manjunath, 2019), in which BH4

− ions transfer elec-
trons to CP–FONPs and creates a negatively charged environment.
Later, the electrons degrade the MB dye to harmless products (Fig. 12).
Very recently, a similar type of mechanism has been reported for MB
dye degradation by silver nanoparticles impregnated core-shell com-
posite microgels (Naseem et al., 2019). In this article, they stated that
BH4

− ions are nucleophilic whereas MB dye molecules are electro-
philic. Therefore, in the degradation process, MB dye receives electrons
from BH4

− through CP–FONPs which play a role of the electron-con-
veyor belt between BH4

− and dye molecules.
Furthermore, the catalytic activity of the CP–FONPs may be due to

the reduction potential of Fe3+ (+0.77 V) (Zakharov et al., 2011)
which is higher than that of MB dye (0.011 V) (Liu et al., 2013). Hence,
the Fe3+ ions can rapidly reduce the MB dye. The mechanism based on
reduction potential has been well explained for the removal of Cr6+

using the iron-based nanoparticles from the extracts of Nephrolepis
auriculata (Yi et al., 2019).

Similar to the Fenton-like process, the kinetic data of this de-
gradation process were also fitted to Eqs. (1) and (2). However, it was
found that the first order model (Fig. 13: Inset A) fitted better to the
kinetic data with K1 of 0.0856 min−1 and R2 of 0.971 (Table 2). On the
other hand, the second order model (Fig. 12: Inset B) yielded a K2 of

Fig. 10. Linear plots of decolorization of MB dye (A) first order, (B) Second order.

Table 2
Kinetics constants’ values of linear regression models for MB dye degradation.

Reaction Type First order Second order

K1 (min−1) R2 K2 (L/mg min) R2

Fenton-like degradation 0.0395 0.735 0.0987 0.963
NaBH4 mediated degradation 0.0856 0.971 0.0131 0.782

Fig. 11. Catalytic degradation of MB dye with CP–FONPs and NaBH4 (Inset: (A) Initial color, (B) Final color, (C) Plot of MB dye concentration vs. time. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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0.0131 L/mg min and R2 of 0.782. It should be noted here that the
higher the value of the rate constant, the degradation process will be
faster (Shahwan et al., 2011). The rapid degradation observed in this
study may be due to the large surface area of CP–FONPs which could
have provided many catalytic sites for the reaction.

4. Conclusions

In the present study, the leaf extract of P.pterocarpum was utilized as
a reducing agent to synthesize FONPs from FeSO4 successfully. This is
the first report on the synthesis of FONPs using P.pterocarpum leaf ex-
tract. The process did not employ either any toxic chemical or energy-
intensive step. Hence, the process is simple, rapid, cheap and en-
vironmentally benign. The synthesized FONPs were well-characterized
by various methods. XRD data ascertained the presence of γ and α
phase of Fe2O3. The higher surface area was obtained than commercial
FONPs, and mesoporous nature was ascertained from the BET results.
FTIR results showed specific bands for Fe–O. The synthesized FONPs
exhibited excellent catalytic ability to degrade MB dye by Fenton-like
process and NaBH4-mediated degradation process. The mesoporous and
high surface area of FONPs synthesized in this method hastened the
process of dye degradation, and this outcome paves the way for re-
mediation of harmful dyes from wastewater in the field of nanor-
emediation.
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