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1. Introduction

Abstract
This study investigated the green synthesis of iron oxide nanoparticles using olive leaf

extract and their application in degradation of synthetic dyes and chlorpyrifos. The
nanoparticles were characterized by UV-—visible spectrophotometry, FTIR, XRD, and
SEM. UV-visible analysis revealed a distinct absorption peak near 300 nm, while FTIR
confirmed functional groups including hydroxyl, carbonyl, nitrile, and alkyne. XRD
showed well-defined diffraction peaks at planes (131), (113/247), (125), (393/138), (622),
and (118), indicating a crystalline structure. SEM images revealed uniformly dispersed
spherical nanoparticles with sizes ranging from 20 to 100 nm. Under light conditions, the
nanoparticles exhibited significant degradation of methyl orange, methyl red, Congo red,
and chlorpyrifos, with the highest degradation observed for methyl red (34.28%) and
chlorpyrifos (27.38%) after 120 minutes. Our results demonstrate the potential of olive
leaf~mediated iron oxide nanoparticles for pollutant degradation, while further studies on
mineralization, reusability, and by-product analysis are needed to fully evaluate their

environmental applicability.

Keywords: Green synthesis, olive leaves, iron oxide nanoparticles, photodegradation.

Rapid industrial expansion, urbanization, and population growth
have intensified the release of harmful pollutants into the
environment [1, 2]. Synthetic dyes are among the most persistent
contaminants due to their complex molecular structures, which
include chromophore and auxochrome groups [3]. Based on
their chemical composition, dyes are commonly categorized into
azo, anthraquinone, indigo, and other classes. Although natural
dyes were used for millennia, the last 150 years have seen a shift
toward synthetic dyes for textile and tannery applications [4].
Today, the textile industry alone produces about 7x107 tons of
dyes annually, and nearly 10% of this quantity is discharged into
water systems during processing [5]. Even at low concentrations

dye-contaminated wastewater poses serious ecological risks. It
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reduces light penetration, disrupts photosynthesis, increases
biochemical and chemical oxygen demand, and affects plant and
aquatic life. Many artificial dyes are highly stable,
bioaccumulative, and exhibit toxic, mutagenic, or carcinogenic
effects [6]. Pesticides create similar environmental concerns.
Their widespread use in modern agriculture contributes to soil
degradation, loss of biodiversity, and contamination of food and
water. Chlorpyrifos, a widely used organophosphate pesticide, is
especially problematic due to its toxicity and persistence [7].
Repeated exposure alters soil microbial communities and
threatens non-target species. It is one of the most frequently
detected pesticide residues in environmental and agricultural
samples, prompting increasing concern and the need for safer

remediation approaches [8].
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Figure 1. Research landscape from early 2000s to the present of green nanoparticles in environmental pollutant degradation (source

web of science).
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Figure 2. Annual publication trends from early 2000s to the
present: green nanoparticle-Based pollutant degradation research
(source web of science)

Nanoparticles have emerged as promising tools for

environmental cleanup because of their small size, large reactive
surface area, and tunable physicochemical properties [9, 10]. As

their applications expand, there is growing interest in synthesis
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routes that avoid toxic chemicals and reduce environmental
impacts [11]. Green synthesis as an emerging method (figure 1),
which uses plant extracts or other biological agents, offers a
sustainable alternative to conventional physical and chemical
nanoparticle production methods [12, 13]. Previous studies
highlight the potential of green-synthesized nanoparticles for
pollutant degradation and environmental applications Figure 2
and 3 [14]. Olive leaves contain a high level of phenolic and
flavonoid compounds, that act as strong reducing and stabilizing
agents [15]. They are also an inexpensive agricultural by-
product, making them a sustainable choice. Therefore, present
study aimed to synthesize iron oxide nanoparticles using olive
leaf extract and assess their effectiveness in degrading three
synthetic dyes: methyl orange, methyl red, and Congo red and
the pesticide chlorpyrifos. This work contributes to developing
environmentally friendly remediation strategies based on green

nanotechnology.
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Figure 3. Research landscape from early 2000s to the present of green iron Oxide nanoparticles in environmental pollutant

degradation (source web of science).

2. Materials and methods

2.1. Collection and Preparation of Olive Leaf Extract

Olive leaves were collected from the Agricultural University
Peshawar, Malakander Farm. The leaves were washed with
distilled water, air-dried in the shade, and then ground into a fine
powder. To prepare the extract, 15 g of leaf powder were mixed
with 250 mL of distilled water in a beaker and stirred using a
magnetic stirrer. The mixture was heated for one hour and then
filtered to obtain the aqueous olive leaf extract. This extract was
used for subsequent nanoparticle synthesis.

2.2. Green Synthesis of Iron Oxide Nanoparticles

Iron oxide nanoparticles were synthesized by reacting an iron
salt solution with the olive leaf extract, which served as both the
reducing and stabilizing agent. A 0.1 M solution of ferrous
sulfate was prepared by dissolving 13.9 g of FeSO4-7H>0 in 500
mL of distilled water. The olive leaf extract was then mixed with
this solution in a reaction vessel. The mixture was subjected to
controlled heating using microwave irradiation for a set duration

During heating, the phytochemicals in the extract facilitated the
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reduction and stabilization of iron ions, leading to nanoparticle
formation. Successful synthesis was indicated by a visible color
change from pale yellow to dark brown or black. The
nanoparticles were then stored for subsequent characterization
and applications.

2.3 UV-vis spectroscopy analysis

Initial characterization of the iron oxide nanoparticles was
confirmed using UV-VIS spectroscopy within the 200-800
nm wavelength range [16]. A diluted suspension of the
nanoparticles was prepared in an appropriate solvent, and the
spectrophotometer settings were adjusted accordingly. The
sample was transferred into a quartz cuvette and scanned
across the selected wavelength range. The resulting
absorbance spectrum showed characteristic peaks associated
with iron oxide nanoparticles, which were compared with
reference spectra and published reports for confirmation.

2.4 Scanning Electron Microscopy (SEM) Analysis

The morphology and surface features of the synthesized iron
oxide nanoparticles were examined using Scanning Electron

Microscopy [17]. A diluted nanoparticle suspension was placed
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on a clean substrate and air-dried to form a uniform film. The
dried sample was mounted on an SEM stub using conductive
adhesive and coated with a thin conductive layer of gold or
carbon. The specimen was then placed in the SEM chamber, and
imaging parameters were adjusted before capturing high-
resolution micrographs. Imaris software was used to measure
particle size, morphology, and aggregation patterns.

2.5 Xray Diffraction (XRD) analysis

The structural characteristics of the synthesized iron oxide
nanoparticle were examined through Xray Diffraction (XRD)
analysis[18]. The dried nanoparticle powder was finely ground
and sieved to achieve uniform particle size before being placed
into the sample holder. The instrument was set up using Cu Ka
radiation (A = 1.5406 A) with appropriate voltage and current
settings. Diffraction data were collected over a 26 range of 10°
to 80°. The resulting patterns were analyzed to identify crystal
phases and determine structural features. Diffraction peaks were
indexed using standard crystallographic databases, allowing
calculation of lattice parameters and assessment of crystallinity.
Information on composition, purity, crystallite size, and overall
structure was obtained through peak analysis and comparison
with reference data.

2.6 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was used to determine the functional groups
of the synthesized iron oxide nanoparticles [19]. The dried
nanoparticle powder was mixed with potassium bromide (KBr),
an infrared-transparent medium, to form a solid pellet for
analysis. The instrument was calibrated and set to scan from 400
to 4000 cm™ with a resolution of 4 cm™. The pellet was then
placed in the sample holder, and spectra were recorded across
the selected wavenumber range. The resulting infrared profile
was examined to identify characteristic absorption bands
associated with chemical bonds and molecular vibrations. These
features were compared with reference spectra and published
data to confirm the functional groups present in the iron oxide
nanoparticles.

2.7 Degradation of dyes and chlorpyrifos

The degradation of synthetic dyes (methyl orange, methyl red,

and Congo red) and the pesticide chlorpyrifos was evaluated
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using iron oxide nanoparticles synthesized from olive leaves.
Stock solutions of 500 ppm for each dye and chlorpyrifos were
prepared in distilled water and serially diluted to concentrations
of 100, 50, and 25 ppm. For each assay, a measured volume of
the prepared solution was mixed with a specified amount of the
synthesized nanoparticles. The mixtures were homogenized and
allowed to react for 0, 60, 90, and 120 minutes. The light source
used for photocatalysis was a W-lamp operated above the
samples. Degradation was monitored by UV-visible
spectroscopy, recording absorbance spectra at each time interval.
All experiments were performed in triplicate. Control assays
included: dye/pesticide solutions without nanoparticles, (ii)
nanoparticle suspensions kept in the dark, and (iii) blank
measurements to account for background absorbance. These
controls helped distinguish photocatalytic activity from natural
photolysis. The percentage degradation was calculated using the
formula described in previous studies [20, 21]. The following
formula was used for calculation of percentage degradation:
Degradation (%) = ((A — A¢)/ Ao ) x 100

Ao s the initial absorbance of the dye/ Chlorpyrifos.

A.is the absorbance at a specific time point.
3. Results and discussion

3.1. Preparation of iron oxide NPs

The green synthesis of iron oxide nanoparticles (FeOx NPs)
using olive leaf extract was highly efficient, thanks to the
abundance of bioactive phytochemicals such as flavonoids,
polyphenols, tannins, and glycosides in olive leaves [22].
These molecules perform a dual role; they reduce iron ions and
simultaneously stabilize the growing nanoparticles which is
consistent with their reported function in other plant-mediated
syntheses [23, 24]. Phytochemicals such as flavonoids,
polyphenols, tannins, and glycosides have been reported
previously in olive leaves extracts [25, 26].Because of its
interaction with metal ions, the phytochemicals facilitate the
preparation of iron oxide nanoparticles which further leads to
the preparation of black-colored precipitates [27] . we observed
that during preparation the reduction of Fe** to Fe® does not
occur directly when the iron salt was mixed with the leaf

extract under specific reaction conditions. However, at PH 7 the

66



Journal of Chemistry and Environment

highest amount of iron oxide nanoparticles synthesis was
achieved. The UV spectrum of the iron oxide nanoparticles
recorded for absorption peaks in the ultraviolet region, with a
wavelength ranged between 200-400 nm which was 300 nm as
mentioned in Figure 4. Previously in this range (200-400 nm)
for iron oxide nanoparticle have been reported [28, 29]. This
absorbance measurements within this range allowed for the
assessment of the optical behavior and absorption
characteristics of the nanoparticles [30]. In evidence of these
previous studies, this also confirmed our successfully synthesis
of iron oxide nanoparticles. Similarly, the obtained UV-
spectrophotometer data, including the absorbance peaks and
corresponding wavelengths, provided valuable information
regarding the optical properties and bandgap of the synthesized
iron oxide nanoparticles [31], thereby enhancing the overall
understanding of their optical behavior.

3.2 FTIR analysis of Iron oxide nanoparticles

Iron oxide nanoparticles synthesized using extract of olive
leaves infrared

were analyzed by Fourier-transform

spectroscopy (FTIR) to identify the functional groups present

(Table 1 and Figure 5). The analysis of FTIR revealed the
appearance of specific functional groups, with each group
showed distinct characteristic wavelengths. The first functional
group detected was alcohol (hydroxyl) with a wavelength of
1059 c¢m!. Hydroxyl groups (OH) known for their high
reactivity in various chemical reactions [32], and facilitate
oxidation as well as hydrolysis reactions [33].it acts as active
sites for electron transfer which helps in breakdown of organic
pollutants, including dyes and pesticides [34]. Similarly,
carbonyl functional group was observed at a wavelength of
1607 cm!. Carbonyl groups (C=0) are highly reactive and can
undergo oxidation-reduction reactions [35]. carbonyl groups
can generate reactive oxygen species and play a vital role in
electron transfer processes which contributes in degradation of
dyes and pesticides by breaking down chemical bonds within
the organic molecules [36]. Similarly, the presence of nitrile
functional groups was detected at a wavelength of 1999 cm'.
Nitrile functional groups can participate in hydrolysis or
oxidative degradation reactions, contributing to the breakdown

of dyes and pesticides [37].
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Figure 4. UV-spectra of iron oxide nanoparticles through spectrophotometer.
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Table 1. Detected functional group in FTIR analysis of iron oxide nanoparticles.

S.No Wavelength (cm™) Bond Functional Group
1 1059 C-OH Alcohol (Hydroxyl)
2 1607 C=0 Carbonyl
3 1999 C=N Nitrile
4 2201 C=C Alkyne
5 3235 O-H Hydroxyl
110
52 100 A 3235
@
g 1607 1999 2201
=
‘e 90+
0
c
<
80
70 l L) L] L]
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Wavenumber (cm™)
Figure 5. FTIR Spectra of iron oxide nanoparticles.
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Figure 6. XRD analysis of green iron oxide nanoparticles.

The alkyne functional group was identified at a wavelength of
2201 cm’!'. Alkyne groups can aid in the cleavage of organic
compounds, facilitating their breakdown into smaller, less

harmful molecules [38]. Furthermore, the hydroxyl functional
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groups were detected at a wavelength of 3235 cm™'. The
presence of these specific functional groups in iron oxide
nanoparticles shows its potential in the degradation of dyes and

pesticides.
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3.4 X-ray diffraction (XRD) of iron oxide nanoparticles

The X-ray diffraction (XRD) data is presented in Figure 6,
which plays a significant part in unraveling the intricate
synthesized nanoparticles crystal structure. The recorded XRD
pattern reveals a series of distinct peaks at specific angles,
namely 25.16°, 35.12°, 36.63°, 40.64°, 49.97°, 57.08°, and
59.42°.

A)
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 DetinBeamSE | 500nm
Performance in nanospace

SEM HV: 20.0 kV | WO: 6. 14mw‘|

SEM MAG: 20.0 kx Det: In-Beam SE

Performance in nanospace

Figure 7. Scene electron microscopy of iron oxide

nanoparticles (A) 500nm and (B) 2um.

These peaks hold significant importance as they correspond to
specific crystal planes, shedding light on the internal
arrangement of atoms within the nanoparticles. The first peak
at 25.16° corresponds to the (131) crystal plane, providing
valuable information about the orientation and spacing of

atoms along this specific direction. Similarly, the peak at
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35.12° corresponds to the crystal planes (113, 247), indicating
the presence of multiple planes and their relative orientation
within the nanoparticle structure.

Furthermore, the peak observed at 36.63° corresponds to the
(125) crystal plane, signifying the arrangement of atoms in yet
another direction. Similarly, noteworthy are the peaks at 40.64°,
which corresponds to the crystal planes (393, 138), and at
49.97°, which corresponds to the (622) crystal plane. These
peaks contribute to a more understanding of the crystal lattice
and the atomic arrangement in the synthesized nanoparticles.
Additionally, the peaks at 57.08° and 59.42° correspond to the
(118) crystal plane, further enriching our knowledge of the
crystal structure. Previously, same structural properties were
reported in various studies [39-41]. Moreover, the FeO NPs
was observed for peaks corresponding to crystal planes (113)
and (247) in their XRD analysis [42], which is also present in
this study results in this correspondence further supports the
validity of this study findings and strengthens the
understanding of iron oxide nanoparticle crystal structures.
These findings strongly support the formation of iron oxide
nanoparticles with well-defined peaks in the XRD pattern
confirms the crystalline nature.

3.4 Scene electron microscopy (SEM) of iron oxide
nanoparticles

The Scene Electron microscopy (SEM) of the iron oxide
nanoparticles provided important insights into their
morphology, size distribution, and surface characteristics [43].
A representative SEM image in Figure 7 A and B shows well-
dispersed spherical particles with varying sizes, ranging from
20 to 100 nanometers. This indicated that the synthesis method
employed was effective in achieving a uniform particle
distribution. Further analysis of the SEM images allowed for
the determination of important parameters such as particle size
and size distribution [44]. The size distribution of the iron
oxide nanoparticles shows a relatively narrow distribution with
most particles centered around 50 nanometers. This size
distribution was consistent with the observations from the SEM
image, indicating a controlled synthesis process. These surface

features significantly impact the reactivity and interaction of
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the nanoparticles with other materials, making them essential
considerations for various. The synthesized nanoparticles
exhibited a uniform size distribution and distinct surface
features, making them promising candidates for numerous uses
in biomedicine, catalysis, and environmental amend. The SEM
characterization results of the current study regarding the
morphology, size distribution, and surface characteristics of
iron oxide nanoparticles align with previous research in the
field. These results are well support by Previous studies the
synthesized nanoparticles were confirmed the size distribution
of iron oxide nanoparticles [45, 46].

3.5 Degradation study of dyes and chlorpyrifos

The degradation efficiency of iron oxide nanoparticles (FeOx
NPs) against synthetic dyes and the pesticide chlorpyrifos was
systematically evaluated at different reaction intervals to assess
their catalytic potential (Table 2 and figure 8). Among the dyes
tested, Methyl Red exhibited the highest total degradation of
34.28% after 120 minutes. This enhanced degradation can be
attributed to the chemical structure of Methyl Red, which
contains functional groups more susceptible to attack by the
catalytic surface of iron oxide nanoparticles [47]. Moreover,
bioactive phytochemicals in the olive leaf extract likely
enhanced the degradation process by promoting electron

transfer and increasing reactive surface interactions, thereby
40 = -

accelerating the breakdown of dyes. [48]. Furthermore, the
degradation efficiency of Methyl Red was influenced by its
initial concentration and the duration of contact with the
nanoparticles, with longer exposure promoting more extensive
breakdown.

Similarly, Chlorpyrifos, a commonly used organophosphate
pesticide, underwent significant degradation, with 27.38%
reduction after 120 minutes. Pesticides generally possess more
complex molecular structures, making their breakdown
challenging [49]. However, plant-derived nanoparticles are
decorated with multiple active phytochemical moieties that
enhance surface reactivity and catalytic activity, enabling
effective cleavage of chlorpyrifos bonds. In contrast, Methyl
Orange and Congo Red showed slightly lower degradation
efficiencies of 25.33% and 25.06%, respectively, after 120
minutes. These differences suggest that molecular structure and
bond stability strongly influence susceptibility to nanoparticle-
mediated degradation. Notably, the photocatalytic potential of
iron oxide nanoparticles was evident, as degradation efficiency
tends to improve under light exposure [50]. Previous studies
have demonstrated similar photocatalytic applications of plant-
extract-synthesized iron oxide nanoparticles for dye and

pollutant degradation [51-53].
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Table 2. Time-dependent photocatalytic degradation of chlorpyrifos, Congo Red, Methyl Red, and Methyl Orange under

controlled light conditions.

Sample Reading Cycle Absorbance Degradation (%) Total % degradation
Control 1.816 - -

Dark (30 min) 1.731 4.81 4.81

. 30 min (light 1.701 1.14 5.95
Chlorpyrifos 60 min((ligght)) 1.515 3.96 9.91
90 min (light) 1.387 6.42 16.33

120 min (light) 1.279 11.05 27.38

Dark (30 min) 1.728 4.17 4.17

30 min (light) 1.706 0.92 5.09

Congo red 60 min (light) 1.522 3.63 8.72
90 min (light) 1.396 5.61 14.33
120 min (light) 1.289 10.73 25.06

Dark (30 min) 1.721 522 5.22

30 min (light) 1.693 1.63 6.85
Methyl red 60 min (light) 1.512 10.71 17.56
90 min (light) 1.379 8.80 26.36

120 min (light) 1.271 7.92 34.28

Dark (30 min) 1.731 4.81 4.81

30 min (light) 1.708 0.46 0.46

Methyl orange 60 min (light) 1.538 1.55 7.25
90 min (light) 1.411 7.23 13.51

120 min (light) 1.309 12.31 25.33

However, the use of olive leaf extract as the synthesis source is
novel, adding its phytochemicals that may contribute to
enhanced catalytic activity. The observed variations in
degradation among different pollutants highlight the
importance of considering specific chemical structures and
properties when designing nanoparticle-based remediation
strategies [54]. Several plant extracts have been used to
synthesize iron oxide nanoparticles, reported degradation
efficiencies [55, 56]. Our findings demonstrate that green-
synthesized iron oxide nanoparticles are promising candidates
for sustainable environmental remediation, capable of
effectively reducing the concentration of both dyes and

pesticides in aqueous systems.

5. Conclusion

Our synthesized iron oxide nanoparticles showed potent
degradation of dyes and chlorpyrifos under light conditions.
While the results demonstrate promising catalytic activity,
the study is limited by the absence of mineralization data,
reusability testing, and a detailed analysis of degradation by-
products. These aspects should be investigated in future work

to fully establish their environmental applicability.
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