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Abstract: The objective of this study was to develop a treatment for petroleum effluents via the use
of Fe2Os; nanoparticles biosynthesized from extracts of A. alboviolaceum leaves as reducing and
stabilizing agents. The obtained nanoparticles were characterized via ultraviolet (UV)—visible
spectroscopy, X-ray diffraction (XRD), X-ray fluorescence (XRF), energy dispersive X-ray
spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), and transmission electron
microscopy (TEM) to determine their structural and morphological properties. Their photocatalytic
activity was evaluated by the degradation of hydrocarbons in petroleum effluents under solar
irradiation for 180 min. The results obtained by UV—visible spectroscopy revealed a surface plasmon
resonance band at 515 nm. XRD was used to identify the nanoparticles that crystallized in a cubic
crystal system (inverse spinel), whereas X-ray fluorescence and EDX were used to identify the
chemical composition of the synthesized nanoparticles. The spherical morphology was determined via
TEM. The average size of the nanoparticles, 70.43 nm, was determined via Imagel software. The
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hemolytic activity of the biosynthesized nanomaterials revealed that they are not hemotoxic in vitro,
and hydrocarbon degradation was observed after 120 min of sunlight irradiation in the presence of
Fe>Os nanoparticles, with a high degradation rate (71.9%). Compared with other chemical and physical
methods, this study proposes a much simpler and less expensive method for synthesizing nanoparticles.
This nanotechnological approach makes it possible to clean up hydrocarbon-contaminated effluents,
thereby contributing to environmental protection.

Keywords: A. alboviolaceum; green synthesis; Fe>O3 nanoparticles; heterogeneous photocatalysis;
petroleum effluents

1. Introduction

Water is central to all socioeconomic processes and is universally recognized as a fundamental
resource for life and sustainable development [1]. As a key component of the global ecosystem, water
supports human health, industrial activities, agriculture, and biodiversity [2]. However, despite its
essential role, water resources are increasingly threatened by anthropogenic activities. When water
quality is altered, it becomes a major vector of environmental degradation, posing serious risks to
ecosystems and public health [3].

Among the various sources of water pollution, petroleum-based activities represent one of the
most critical challenges worldwide. The oil industry generates large volumes of wastewater during
exploration, extraction, refining, and transportation processes [4]. These effluents, commonly referred
to as oily or petroleum wastewater, are often discharged into the environment with insufficient treatment,
especially in developing regions [5]. Petroleum effluents typically contain complex mixtures of
organic pollutants, including hydrocarbons, phenols, polycyclic aromatic hydrocarbons (PAHs),
surfactants, and heavy metals, many of which are toxic, carcinogenic, and poorly biodegradable [6,7].
The presence of these contaminants leads to severe adverse effects on aquatic organisms, soil quality,
and human health through bioaccumulation and long-term exposure.

To mitigate petroleum-based water pollution, various conventional treatment methods have been
developed, including physical separation, chemical coagulation—flocculation, adsorption, and
biological processes [8,9]. Although these methods can be effective under specific conditions, they
often suffer from limitations such as incomplete removal of recalcitrant organic compounds, high
operational costs, secondary pollution, and sludge generation [10]. Consequently, there is a growing
interest in developing alternative and more efficient wastewater treatment technologies that are both
environmentally sustainable and economically viable.

In this context, heterogeneous photocatalysis has emerged as a promising advanced oxidation
process for wastewater treatment. This technique relies on the generation of reactive oxygen species
under light irradiation, enabling the degradation and mineralization of persistent organic pollutants
into harmless end products such as carbon dioxide and water [9]. Photocatalysis offers several
advantages, including high degradation efficiency, minimal chemical consumption, and the potential
use of solar energy, making it particularly attractive for environmental remediation applications [11].

Among the various photocatalysts investigated, Fe;O3 has attracted significant attention due to its
low toxicity, natural abundance, chemical stability, and suitable band gap for visible light absorption.
These properties make Fe>O3 an environmentally benign and cost-effective material for photocatalytic
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applications. Previous studies have demonstrated the effectiveness of FeO3 nanoparticles in the
degradation of organic pollutants such as dyes, phenolic compounds, and petroleum-derived
contaminants [10]. However, the photocatalytic performance of Fe;Os is strongly influenced by its
particle size, morphology, surface chemistry, and synthesis route.

Conventional synthesis methods for Fe>Os; nanoparticles, including sol-gel, hydrothermal,
co-precipitation, and thermal decomposition techniques, often involve the use of organic solvents, high
energy consumption, and hazardous chemical reagents [10,12]. These factors limit their environmental
sustainability and large-scale applicability. In response to these concerns, green synthesis approaches
have gained increasing interest in recent years. Green synthesis utilizes biological resources, such as
plant extracts, microorganisms, or biopolymers, as reducing and stabilizing agents, thereby minimizing
the use of toxic chemicals and reducing environmental impact [13].

Plant-mediated green synthesis is particularly attractive due to its simplicity, low cost, and
scalability. Plant extracts are rich in secondary metabolites such as polyphenols, flavonoids, tannins,
and alkaloids, which play a crucial role in the reduction of metal ions and stabilization of nanoparticles.
Among various plant species, Aframomum alboviolaceum has been reported to be non-toxic and rich
in bioactive compounds with strong reducing and capping abilities [14]. Despite the growing number
of studies on green-synthesized iron oxide nanoparticles, their application in the photocatalytic
treatment of real petroleum effluents remains limited, and the relationship between green synthesis
routes and photocatalytic efficiency is still insufficiently explored [15].

Therefore, the present study aims to develop an eco-friendly and efficient treatment strategy for
petroleum effluents using Fe,O3 nanoparticles biosynthesized from A. alboviolaceum leaf extracts. The
novelty of this work lies in the combined use of a green synthesis approach and heterogeneous
photocatalysis for the remediation of petroleum-contaminated wastewater. This study contributes to
the advancement of sustainable nanomaterials and highlights the potential of plant-based synthesized
Fe2O3 nanoparticles as effective photocatalysts for environmental applications.

2. Materials and methods
2.1. Materials

The leaves of A. alboviolaceum (Ridley) K. Schum. used in this study for the synthesis of Fe>O3
nanoparticles (NPs), were collected on June 3, 2024, in the Mitendi savanna located in the commune
of Mont-Ngafula in Kinshasa, DRC. After harvesting, a sample of the plant was taken for identification
to the Herbarium of the National Institute for Agronomic Studies and Research (INERA) located at
the Faculty of Sciences of the University of Kinshasa (UNIKIN). These leaves were dried at ambient
temperature (=27 °C) in the Laboratory of Natural Substances and Medicinal Chemistry (LASCHIMED)
for two weeks and then ground to obtain a fine powder. The blood used in this study was provided by
the Mont-amba Hospital Center located in the commune of Lemba in Kinshasa. To be included in this
study, blood had to come from a healthy subject who had given their consent prior to collection.
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2.2. Methods
2.2.1. Preparation of aqueous extract

Twenty grams of A. alboviolaceum leaf powder was macerated in distilled water for 24 h and then
filtered through filter paper (Whatman No. 42) to obtain the aqueous extract, which was used as a
reducing agent and stabilizer in the synthesis of nanoparticles.

2.2.2.  Phytochemical screening

The different groups of secondary metabolites that act as reducing agents and stabilizers were
identified via conventional phytochemical screening and thin-layer chromatography, a technique based
on the observation of spot colors as previously described by Ngbolua et al. [16] and Inkoto et al. [17].

2.2.3. Preparation of FeO3 NPs from plant extracts

The experimental procedure previously described by Kabengele et al. [ 18] and Kasiama et al. [19]
was used for the biogenic synthesis of FeoO3 nanoparticles with slight modifications. Briefly, 100 mL
ofa 0.01 N Fe>SOs solution was mixed with 20 mL of the aqueous extract of 4. alboviolaceum leaves
under thermal agitation at 80 °C and 1000 rpm. After 120 min of stirring, the change in color of the
solution from yellow to dark green indicated the beginning of the precipitation of metal ions in the
form of nanoparticles. The obtained nanoparticle precipitate was centrifuged at 4000 rpm, washed
three times with distilled water to remove impurities, calcined at 200 °C in an oven for 4 h, and stored
at room temperature for characterization. A 0.01 N NaOH solution was used to vary the pH of the medium.

2.2.4. Characterization of FeoO3 NPs

The surface plasmon resonance of the synthesized Fe>O3 nanoparticles was studied by performing
a wavelength scan ranging from 200 to 700 nm via UV-vis (UV-visible spectrophotometer,
Jenway 7615). Crystallographic analysis of the synthesized nanoparticles was performed via an X-ray
diffractometer (PHYWE 4.0) with a Cu-Ka source (A = 1.540596 A) at 20 angles between 20 and 90°.
The chemical functions of the molecules used for particle reduction and stabilization were determined
via Fourier transform infrared spectroscopy (FTIR) spectrophotometer (Cary 630 FTIR). Transmission
electron microscopy (TEM) was used to characterize the morphology of the nanoparticles. The average
particle size was evaluated via ImageJ software. The elemental composition of the particles was
determined via energy dispersive X-ray spectroscopy (EDX) and X-ray fluorescence (XRF).

2.2.5. Properties of the FeoO3 NPs
2.2.5.1. Adsorption and photocatalytic activity
The adsorption and photocatalytic activities of the nanoparticles were evaluated by degrading an

aqueous solution containing petroleum pollutants at room temperature under agitation. To do this, 100 mL
of water polluted with 20% hydrocarbons was mixed with 10 mg of nanocatalyst under agitation in the
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absence of light for 180 min to achieve a homogeneous distribution of the catalyst in the medium and
reach adsorption-desorption equilibrium on the surface of the nanoparticles. Every 60 min, an aliquot
was taken and measured via a UV—visible spectrophotometer. The mixture was then irradiated with
sunlight for 120 min, and after every 60 min, an aliquot (2 mL) was taken and analyzed with an
UV-visible spectrophotometer scanning between 200 and 400 nm. The rate of hydrocarbon
degradation was determined (Figure 1).
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Figure 1. Calibration curve for the gasoline used.
2.2.5.2. Hemolytic activity of the FexO3z NPs

Certain compounds may pose a risk of hemolysis to red blood cells. Determining the hemolytic
effect is one of the most commonly used tests for studying the interaction of nanomaterials with blood
components (red blood cells). In this study, the hemolytic power of the nanoparticles in vitro was
evaluated according to the experimental protocol previously described by Chen et al. [20] and
Gbolo et al. [21].

3. Results and discussion
3.1. Conventional phytochemical screening and Thin-Layer Chromatography (TLC)

The results of conventional phytochemical screening revealed several phytochemical groups,
including phenolic acids, flavonoids, tannins, alkaloids, coumarins, iridoids, saponins, anthocyanins,
and terpenes. Thin-layer chromatography confirmed the presence of anthocyanins (Figure 2a),
iridoids (Figure 2b), coumarins (Figure 2c), and phenolic acids (Figure 2d) in the leaf extract of this
plant. These results are similar to those of Bongo et al. [22], Djeussi et al. [23], and Inkoto et al. [17]
in the leaves of 4. alboviolaceum. The presence of these compounds, such as phenolic acids,
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flavonoids, and terpenes, which act as both reducing agents and stabilizers, justifies the use of this
plant extract in the synthesis of nanoparticles [24].

Figure 2. Chromatogram showing the detection of (a) anthocyanins, (b) iridoids, (c)
coumarins, and (d) phenolic acids.

3.2. Synthesis of Fe203 NPs

Figure 3 shows the synthesis of Fe2O3 NPs in solution from extracts of 4. alboviolaceum leaves.

Figure 3. Synthesis of Fe;O3 NPs in solution from extracts of 4. alboviolaceum leaves.

As shown in Figure 3a, the solution initially has a yellow color when the precursor salt (Fe2SO4)
and the extract of 4. alboviolaceum are mixed. After 30 min of heating at 80 °C, the color changes
from yellow to green (Figure 3b), indicating the start of nanoparticle formation in solution. At this
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stage, stabilization has not yet occurred; this is the reduction and nucleation phase, which involves
reducing compounds contained in the plant extract, such as phenolic acids, flavonoids, and
terpenes [24,25]. After 30 min of thermal agitation at 80 °C, we observed a color change from green
to dark green, almost blackish (Figure 3¢). This color (dark green) persisted for up to 120 min of
reaction under thermal agitation, confirming the stabilization of the nanoparticles in solution. Previous
studies have shown that secondary metabolites (polyphenols, saponins, flavonoids, condensed tannins,
etc.) in plant extracts are responsible for reducing iron (III) ions to iron oxide NPs and stabilizing
them [26,27].

3.3. Characterization of nanoparticles
3.3.1. Characterization by UV—visible spectroscopy

Since the absorption wavelength is characteristic of nanoparticles, confirming the presence of
nanoparticles by the presence of their characteristic band or surface plasmon resonance band is
important. The figures below show the UV-visible spectra of the mixture of precursor salt and
A. alboviolaceum extract at time t = 0 (Figure 4) and the UV—visible spectrum of the FeoO3 NPs
synthesized from A. alboviolaceum extracts after 120 min (Figure 5). A comparison of Figures 4 and 5
reveals that for the same solution, after 120 min, a characteristic band between 470 and 550 nm appears
in Figure 5, indicating the presence of iron oxide nanoparticles. This band indicates the surface
plasmon resonance of iron oxide nanoparticles, with a maximum at approximately 515 nm.

4 =
3
Exttact + precursor salt
O 2+
o
c
©
0
o
@ 17
2
<
0 -
_1 -
" I " | " I " |
300 400 500 600 700

Wavelength (nm)

Figure 4. UV-visible spectrum of the mixture of precursor salt and 4. alboviolaceum
extract at time t = 0.
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Figure 5. UV-visible spectra of Fe2O3 NPs synthesized from extracts of A. alboviolaceum.
Figure 6 shows that, after extrapolating the curve, the energy of the doped Fe,O3 gap is 2.4 eV.

This energy gap is similar to the typical values of the Fe;Os3 optical gap, which ranges from 2.0
to 2.4 eV.
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Figure 6. Variation in (ohv)? as a function of the energy of the Fe;O3 NPs.
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3.3.2.  Characterization by X-ray diffraction (XRD)

To determine the crystal structure, lattice parameters, crystallite size, and chemical composition
of the synthesized Fe>O3 nanoparticles, XRD data were recorded via a PHY WE 4.0 X-ray spectrometer.
The results obtained are shown in Figure 7 below.
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Figure 7. XRD spectrum of synthesized Fe2O3 NPs.

Five characteristic peaks associated with the reticular planes (200), (022), (300), (222), and (410)
appeared at the following 260 positions: 31.7894° (66.74%), 41.7721° (89.75%), 46.3657° (100%),
54.7648° (70.68%), and 65.3708° (93.46%), respectively (Figure 7). The spectrum in Figure 7 shows
that the iron oxide nanoparticles crystallized in a face-centered cubic system (y-Fe2Os3) with a lattice
parameter of a = 0.8326 A. Furthermore, the characteristic angles of this material match the JCPDS
standard card No. 39-1346, confirming that it is maghemite (y-Fe.Os3). Notably, the additional
low-intensity peaks observed in this spectrum were attributed to the presence of different oxide
residues (Fe3O4 or a-Fe>O3), amorphous phases, or biomass products (adsorbed organic compounds).
The theoretical size was estimated from this spectrum. After calculation and statistical processing, the
average size of the crystallites obtained via the Debye-Scherrer equation was 47 + 6 nm. These results
confirm the success of the synthesis and demonstrate that the particles obtained do indeed have the
expected nanometric dimensions. Thus, the extract of A. alboviolaceum is an effective reducing and
stabilizing agent for the production of maghemite nanoparticles.

3.3.3. Characterization by fluorescence and EDX
The X-ray fluorescence (Figure 8) and energy dispersive X-ray (Figure 9) spectra shown below
reveal the composition of the synthesized nanoparticles. The X-ray fluorescence spectrum confirmed

the presence of the metal used (Fe-Ka). Moreover, the EDX spectrum revealed that the synthesized
nanoparticles are composed of both iron and oxygen, with percentages of 69.13% and 30.60% for iron
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and oxygen, respectively. However, the presence of a small percentage of carbon (6.08%) could be
due to the phytochemical compounds acting as a coating. These results confirm that the synthesized
particles are iron oxide particles.
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Figure 8. Fluorescence spectrum of synthesized Fe2O3 nanoparticles.
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Figure 9. EDX spectrum of synthesized Fe2O3 nanoparticles.

AIMS Materials Science Volume 13, Issue 1, 148-167.



158

3.3.4. Characterization by FTIR

Secondary metabolites play a key role in the green synthesis of metal nanoparticles from plants.
To determine the functions of the molecules used for reduction and stabilization in this synthesis, an
FTIR spectrum was obtained via a Fourier transform infrared spectrophotometer, Cary 630 FTIR.
Figure 10 shows the FTIR spectrum of the synthesized nanoparticles.
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Figure 10. FTIR spectrum of synthesized Fe,O3 NPs.

As shown in Figure 10, the characteristic bands between 1600 and 1700 cm™' are attributed to the
stretching vibrations of the C=0 bonds of carbonyls. The peak at approximately 2035 cm™! is associated
with the metal complex, including iron carbonyl (Fe—CO) and iron-complexed nitrile (Fe—C=N).
However, the peak at approximately 3500 cm™' is characteristic of O—H stretching vibrations, which
could result from the presence of phenolic compounds in the extract of the plant used. There is a strong
peak at approximately 650 cm™!, which can be attributed to the Fe-O stretching vibration [28].

3.3.5. Characterization by TEM

Morphology is one of the key parameters in nanoparticle synthesis, as it directly influences the
subsequent physical and chemical properties of synthesized nanometric materials [29]. Figure 11
shows a TEM image of the Fe2O3 NPs.

As shown in Figure 11, the TEM image clearly shows a predominantly spherical particle
morphology on a scale of 100 nm. These results, concerning the morphology of the nanoparticles
synthesized in this study, are similar to the conclusions of Abdul et al. [30], who reported the formation
of iron oxide nanoparticles synthesized from Phoenix dactylifera seed extract. The average size of the
Fe>O3 nanoparticles synthesized from A4. alboviolaceum leaf extract, as estimated from TEM
micrographs via ImageJ and Origin software, was 70.43 nm (Figure 12), confirming the formation of
particles smaller than 100 nm.
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Figure 11. TEM image of FeoO3 NPs synthesized from extracts of A. alboviolaceum leaves.
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Figure 12. Distribution of the average size of the Fe,O3 nanoparticles.
3.4. Application of Fe:O3 NPs in the degradation of polluted water

The photocatalytic properties of the biosynthesized Fe>O3 NPs were evaluated using water polluted
with super gasoline, whose visible UV spectrum showed a maximum band at approximately 280 nm.
In this study, the polluted water solution alone was used as a negative control after solar irradiation at
well-defined time intervals. Figure 13 shows that sunlight does not cause HC degradation, so the
photolysis mechanism was ruled out.
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Figure 13. Exposure of polluted water solutions to sunlight.

Next, the Fe2O3 NPs were placed in contact with the polluted water while stirring at 1,000 rpm in
the dark, and the absorbances were determined at different times to evaluate the adsorption activity on
the surface of the nanoparticles. The results shown in Figure 14 below indicate that the NPs adsorb a
large proportion of the hydrocarbons, with a maximum adsorption rate of approximately 17.1%. This
adsorption could be attributed to the various defects on the surface of the synthesized nanoparticles,
which generate highly attractive sites that strongly promote adsorption [31].

After the mixture of the polluted solution and nanoparticles was exposed to light, the results
shown in Figure 15 revealed significant photocatalytic activity, with the Fe:O3 NPs degrading
approximately 71.9% of the hydrocarbons after 180 min of exposure. UV—visible spectroscopy was
used to monitor the photocatalytic degradation of hydrocarbons over time, and the results are presented
in Figure 15 below.
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Figure 14. Adsorption of hydrocarbons on the surface of Fe>O3 nanoparticles.
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Figure 15. Photocatalytic degradation of gasoline by FeoO3 NPs.
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In fact, Fe2O3 NPs behave like semiconductors capable of absorbing visible light and generating
electron/hole pairs on their surfaces. These charges react with water and oxygen to produce reactive
oxygen species (ROS), such as hydroxyl radicals (OH") and superoxide anion radicals. These ROS
have the intrinsic ability to degrade all types of pollutants [32,33]. In a study conducted by
Akintayo et al. [34] on the use of iron oxide NPs in the treatment of synthetic oil wastewater, a
maximum degradation rate of approximately 89.0% was found after 60 min of irradiation. Notably, in
this study, the authors irradiated the iron oxide NPs with a UV—visible lamp at 254 nm, and these NPs
were synthesized via a chemical reduction method. This may explain the difference in performance
compared with our results. Bolade et al. [35] reported degradation rates greater than or equal to 93%
with FeNPs alone and up to 99%—-100% when they activated persulfate within a few days, owing to
highly efficient radical oxidation, but with the need for an additional oxidant. Muthukumar et al. [36]
combined bacteria, biosurfactants, and FeNPs to achieve 82% yield in 20 days, which is a gentler but
much slower bioremediation process. Thus, our process is faster than microbial bioremediation but
slightly less complete than FeNP + persulfate oxidative catalysis and could be optimized to further
improve the final yield while limiting the environmental impact.

Figure 16 illustrates the temporal evolution of free hydrocarbon concentration in the reaction
medium as a function of irradiation time.
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Figure 16. Pseudo-first-order kinetic plot for photocatalytic degradation of petroleum
effluents over Fe;O3 nanoparticles.

The kinetic behavior of petroleum effluent degradation over Fe;O3 nanoparticles was evaluated
by plotting In(Ao/A) as a function of irradiation time. The obtained linear relationship confirms that the
photocatalytic process follows pseudo-first-order kinetics, consistent with the Langmuir—Hinshelwood
model typically observed in heterogeneous photocatalytic systems [37]. Moreover, the progressive
increase of In(Ao/A;) with irradiation time indicates an efficient and continuous removal of
petroleum-derived organic contaminants. The strong linearity between experimental data and the fitted
regression line suggests that the reaction rate is predominantly governed by surface-mediated redox
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reactions involving photoinduced charge carriers and reactive oxygen species, notably hydroxyl radicals
and superoxide anions.

3.5. Evaluation of the hemolytic activity of the Fe;O3 NPs
The size and morphology of nanoparticles completely affect their physicochemical properties;
hence, their cytotoxicity needs to be studied. The results of the hemolytic effects of the NPs synthesized

from A. alboviolaceum extracts on blood cells are shown in Table 1 below.

Table 1. Hemolytic effect of the biosynthesized nanoparticles on red blood cells.

Sample Hemolysis (%)
Fe;O3 NPs 1.94

Positive control 100.00
Negative control 0.00

Cytotoxicity was assessed using erythrocytes as a biological model. NPs are considered cytotoxic
when, at 100 pg/mL, the hemolysis rate is >25% [12,18,38]. In this study, Fe>O3; NPs synthesized from
A. alboviolaceum extracts at 1000 pg/mL had a hemolysis percentage of 1.94% (less than 25%). This
result indicates that the synthesized nanoparticles are less hemolytic.

4. Conclusions

The aim of this work was to develop a treatment for petroleum effluents via the use of Fe2O3
nanoparticles biosynthesized from extracts of 4. alboviolaceum leaves as reducing and stabilizing
agents. The obtained Fe>O3 nanoparticles have morphological and structural properties favorable for
photocatalytic activation under visible light. The results obtained by UV—visible spectroscopy revealed
a surface plasmon resonance band at 515 nm. XRD identified the nanoparticles as having crystallized
in a cubic crystal system (inverse spinel), whereas X-ray fluorescence and EDX identified the chemical
composition of the synthesized nanoparticles. The spherical morphology was determined via TEM.
Moreover, the average size of the 70.43 nm nanoparticles was determined via Imagel software. The
hemolytic activity of the biosynthesized nanomaterials revealed that they are not hemotoxic in vitro,
and hydrocarbon degradation was observed after 120 min of sunlight irradiation in the presence of
Fe;Os3 nanoparticles, with a high degradation rate (71.9%). The results obtained in this study confirm
the potential of the FeoO3 NPs biosynthesized from A. alboviolaceum extract as effective catalysts for
the decontamination of hydrocarbon-polluted water, which is consistent with the logic of sustainable
development and the valorization of local natural resources. Compared with other chemical and
physical methods, this study proposes a much simpler and less expensive method for synthesizing
nanoparticles. It would therefore be desirable to conduct a study on the stability of nanoparticles for
reuse during several photocatalysis cycles.
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