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ABSTRACT ARTICLE HISTORY
Polycyclic aromatic hydrocarbons (PAHs) are persistent soil pollu- Received 12 November 2025
tants posing serious environmental and health risks due to their Accepted 5 January 2026
toxicity, carcinogenicity, and resistance to degradation. A key chal-

? v - L S - KEYWORDS
lenge in remediating PAH-contaminated soils is achieving efficient,

Polycyclic aromatic

low-cost, and pollution-free degradation under natural sunlight. hydrocarbons; green Fe;0,
This study reports a sustainable Fe;O,/carbon dots/silver iodide /carbon dots/Agl;
(Fe30,/CD/Agl) nanocomposite, synthesised entirely from waste- photo-degradation; soil

derived precursors including industrial iron waste and wheat remediation; waste
straw, for the sunlight-driven photocatalytic degradation of PAHs Vvalorisation; GC-MS
in contaminated soil. Characterisation by FTIR, XRD, SEM, and TGA

confirmed the successful formation and favourable structure of the

composite. Under optimal conditions (0.2 g catalyst per 4 g soil,

48 h solar exposure), complete degradation of naphthalene and

while anthracene and pyrene showed removal efficiencies of

approximately 65% and 71%, respectively. The composite exhibited

enhanced efficiency, especially when combined with sodium per-

sulphate, due to the synergistic contributions of magnetic recovery

by Fe30,, broad light capture by carbon dots, visible-light respon-

siveness of Agl, and persulphate-activated generation of reactive

oxygen species («OH, SO4+~, Oy7). This study demonstrates that

a fully waste-derived, sunlight-responsive nanocomposite can

effectively degrade both low- and high-molecular-weight PAHs,

offering a low-cost, environmentally friendly, and scalable strategy

for in-situ soil remediation.

1. Introduction

Soil contamination by polycyclic aromatic hydrocarbons (PAHs) has emerged as a major
environmental concern due to their persistence, toxicity, and widespread occurrence in
ecosystems [1]. PAHs are a class of organic compounds composed of two or more fused
aromatic rings, primarily generated through the incomplete combustion of organic
materials such as fossil fuels, biomass, and waste [2]. Although natural events like forest
fires and volcanic eruptions can release PAHs, anthropogenic activities, including indus-
trial emissions, vehicular exhaust, coal tar production, and agricultural burning are the

CONTACT Soleyman Moinfar @ soleiman_moinfar@yahoo.com; soleiman.moeinfar@uoz.edu.krd
© 2026 Informa UK Limited, trading as Taylor & Francis Group


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/03067319.2026.2614317&domain=pdf&date_stamp=2026-01-21

2 (&) S.S.OMER AND S. MOINFAR

dominant sources of PAHs pollution [3]. The chemical stability and hydrophobic nature of
PAHs make them highly resistant to natural degradation, resulting in their accumulation
in air, water, and soil [4]. This persistence poses serious long-term risks to the environment
and human health, making PAHs a critical target for environmental remediation and
public safety efforts [5,6]. In soil environments, PAHs represent a major hazard due to
their strong sorption to soil organic matter, leading to long-term persistence and accu-
mulation while disrupting microbial communities, nutrient cycling, and plant growth [7].
Contaminated soils can also release PAHs into groundwater or transport them via surface
runoff, spreading contamination to aquatic systems. PAHs are toxic to aquatic organisms,
including invertebrates, fish, and algae, causing DNA damage, reproductive disorders, and
developmental abnormalities, thereby disturbing food webs and reducing biodiversity.
Moreover, atmospheric deposition contributes to the long-range transport of PAHs,
leading to the contamination of remote environments [8].

Health concerns related to PAHs are substantial, with compounds such as benzola]
pyrene classified as carcinogenic by the International Agency for Research on Cancer
(IARCQ) [9]. Prolonged exposure through inhalation, ingestion, or dermal contact has been
linked to lung, skin, and bladder cancers, particularly among workers in coal tar refining
and asphalt production industries. Prenatal exposure can cross the placental barrier,
leading to low birth weight, developmental delays, and congenital abnormalities [10].
Emerging studies also suggest that PAHs may contribute to neurodevelopmental disor-
ders and immune system suppression, emphasising the urgent need for effective mitiga-
tion strategies [11]. Research has shown that over 90% of PAHs in the natural environment
are retained in soils, especially in areas near industrial facilities such as coking plants. This
accumulation makes soil one of the most affected environmental compartments and
a primary target for remediation efforts [12].

Over the past decade, numerous studies have explored strategies for remediating PAH-
contaminated soils. However, most established methods still face significant limitations.
Conventional remediation techniques - such as soil washing, thermal treatment, and
bioremediation - have generally shown limited effectiveness [13]. In soil washing, sol-
vents or surfactants are employed to extract PAHs from soil; however, the process is often
costly, generates secondary waste, and is impractical for large-scale applications [14].
Thermal treatment involves heating the soil to volatilise or decompose PAHs, but it is
highly energy-intensive and can lead to the loss of soil organic matter and beneficial
microorganisms [15]. Bioremediation, which relies on microorganisms to degrade PAHs, is
a more environmentally friendly approach; nevertheless, it is often slow and inefficient
due to the low bioavailability and chemical stability of PAHs [13]. These limitations
underscore the urgent need for innovative and sustainable remediation technologies
capable of effectively degrading PAHs while minimising environmental impact and
economic cost [16].

In recent years, nanomaterials have emerged as a promising alternative for environ-
mental remediation [17], offering advantages such as high surface area, enhanced reac-
tivity, and the ability to target specific pollutants [18]. Various nanomaterials have been
investigated for PAH remediation, including titanium dioxide (TiO,), zinc oxide (ZnO),
graphene oxide (GO), and zero-valent iron (ZVI) [19]. While TiO, and ZnO are widely used
photocatalysts, their activity is largely limited to ultraviolet (UV) light, which accounts for
only a small fraction of solar radiation, thereby restricting their effectiveness under natural
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sunlight [20,21]. Graphene-based materials provide high surface area and excellent con-
ductivity; however, they lack intrinsic catalytic activity unless combined with metal
nanoparticles [22]. Similarly, ZVI can facilitate Fenton-like reactions, but its application is
constrained by poor long-term stability and particle aggregation in soil environ-
ments [23].

In this study, a Fes0,4/carbon dot/Agl (Fe30,/CD/Agl) nanocomposite was synthesised
for the first time, offering an environmentally friendly, sunlight-responsive alternative that
overcomes many limitations of conventional nanomaterials. Fes0,4 nanoparticles provide
magnetic properties that enable facile recovery and contribute to reactive oxygen species
generation via Fenton-like mechanisms [24]. Carbon dots (CDs) derived from wheat straw
enhance visible-light absorption and promote charge separation due to their high elec-
tron mobility [25]. Meanwhile, silver iodide (Agl), a visible-light-responsive semiconductor,
further improves the photocatalytic performance of the composite through efficient
photon absorption and effective charge separation [26]. Compared with silver nanopar-
ticles, Agl demonstrates superior photocatalytic activity under solar irradiation owing to
its narrower bandgap and enhanced production of reactive species [27]. The synergistic
combination of Fe;0,4 CDs, and Agl results in a multifunctional nanocomposite with
broad-spectrum light responsiveness, magnetic recoverability, and highly efficient degra-
dation of pollutants under natural sunlight [28].

This study presents an innovative green Fe;0,/CD/Agl nanocomposite, synthesised
entirely from waste-derived precursors, for the efficient photodegradation of PAHs in
contaminated soils under natural sunlight. FesO4 nanoparticles were prepared from
industrial iron waste, and carbon dots were derived from wheat straw, exemplifying
a sustainable, circular-economy-based approach. Incorporation of Agl significantly
enhances light absorption and electron transport, enabling effective solar-driven photo-
catalysis. The ternary nanocomposite demonstrates high performance under ambient
solar irradiation, offering a scalable, cost-effective, and environmentally sustainable strat-
egy for in-situ soil remediation. This work represents the first application of Fe;0, derived
from iron waste combined with biomass-derived carbon dots and Agl for visible-light-
driven restoration of PAH-contaminated soils, providing a practical, eco-friendly, and
efficient approach to mitigating persistent organic pollutants in terrestrial ecosystems.
Additionally, the use of industrial and agricultural waste as raw materials reduces the need
for virgin mineral resources and minimises associated carbon emissions, offering clear
environmental benefits. From a life cycle perspective, such green synthesis strategies can
significantly decrease the ecological footprint of catalyst production, aligning this work
with current sustainable development goals [29,30].

2. Materials and methodology
2.1. Chemicals and materials

All materials and solvents were of analytical grades and used without purification.
Acenaphthylene, fluorene, phenanthrene and pyrene were purchased from BLD
PHARMATECH (GmbH, Germany). Fluoranthene were purchased from thermo scientific
(China). Naphthalene was obtained from Sigma-Aldrich (Germany), anthracene was
purchased from OEA Labs Ltd. (UK). In addition, dichloromethane, methanol were
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purchased from Carlo Erba Reagent (Italy). Acetone was obtained from Carlo Roth
GmbH Co. (KG, Germany). AgNO3 was purchased from thermo scientific (Germany). KI,
NaOH were purchased from Sicco Research Laboratories Pvt. Ltd. (India). HCl was
purchased from sigma Aldrich (USA). Na25208 was obtained from Alfa Aeser
(Germany). Urea was obtained from Merck Life Science (Germany). Industrial iron
waste was obtained as a waste by-product from a local blacksmith’s workshop.
Wheat straw, an agricultural residue, was collected from farmlands in the Zakho region
(northern Iraq). Polyvinylpyrrolidone (PVP) was purchased from carlRoth (Germany). In
this study, seven representative PAHs — naphthalene, acenaphthylene, fluorene, phe-
nanthrene, anthracene, fluoranthene, and pyrene - were selected primarily because
these include both low- and high-molecular-weight PAHs with varying molecular
structures, hydrophobicity, persistence, and resistance to degradation, allowing
a comprehensive evaluation of the photocatalytic performance of the Fe;0,/CD/Agl
system.

2.2. Instruments

An ultrasonic cleaner (EImasonic P180H, Elma, Germany) was used for ultrasonic-assisted
extraction. A rotary evaporator (BUCHI, Switzerland) was employed to removing excess
solvent under reduced pressure. The nanocomposite was synthesised and dried in
a Thermo Scientific Heratherm Oven (Germany). The pH values were measured with
a mettler Toledo AG pH metre (Switzerland) supplied with a glass combined electrode.
The hotplate stirrer (Korea) was used to provide controlled stirring. Samples were cen-
trifuged using a Hettich Universal 320 centrifuge (Germany).

The scanning electron microscopy (SEM) was conducted at 15.0 kV on an electron
microscope (LEO 1430VP, Germany). The X-ray diffraction (XRD) patterns were obtained
on a diffractometer (X-Pro, Philips, Netherland) using Cu-Ka radiation (A =1.5418 A)in the
angular region (26) of 5-80°. The FTIR spectra were obtained using an FTIR spectrometer
(Spectrum RXI, PerkinElmer, USA). A thermal analyser (STA PT-1000, Linseis, Germany) was
used to conduct thermal gravimetric analysis (TGA).

2.3. GC-MS conditions

A Clarus 580 gas chromatography systems (PerkinElmer, USA) equipment with Rst-5 MS
capillary column (30 m, 0.25um film thickness, and 0.25 mm inner diameter) from
Resteck (USA) was used to analyse extracted PAHs. The GC system was coupled with
a Clarus SQ 8S mass spectrometer (PerkinElmer, USA), featuring a quadrupole analyser
to perform GC-MS analyses. The analysis was conducted using the helium gas 99.999%
(Air Products, UK) as carrier gas, at a flow rate of T mL/min. The temperature settings
for the ion source and mass spectrometry transfer line were set at 220°C and 235°C,
respectively. By means of this procedure, in split injection mode, a 20:1 split ratio was
employed. The conditions for the analytical procedure for GC-MS were: an inlet
temperature of 290°C; the initial temperature for the GC oven was set from 100°C to
190°C, for doing this the temperature ramping was carried out at 15°C/min with
a holding time of 1 min. Afterwards, heating up to 270°C at a rate of 12°C/min was
done, and retained for 2 min.



INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY e 5

2.4. Synthesis of photocatalysts

2.4.1. Synthesis of carbon dot from wheat straw

Carbon dots (CDs) were manufactured via a one-step hydrothermal processes derived
from a biomass-based technique [25]. In summary, 2.0 g of desiccated wheat straw
powder was suspended into 50 mL of deionised water then stirred for 2 hours. The
mixture was thereafter placed in a Teflon-lined stainless steel autoclave and subjected
to heating at 185°C for 6 hours. Following natural cooling to ambient temperature, the
resultant suspension was centrifuged at 1000 rpm for 10 minutes to eliminate bulk
residues. The supernatant was filtered using a 0.22 um membrane resulting in pure CDs,
which were subsequently kept in dark glass vials for future application.

2.4.2. Synthesis of Fe;0, nanoparticles

A precursor iron solution was prepared from waste iron using a modified acid leaching
method [31]. In brief, 5.0 g of iron waste was thoroughly washed with deionised water to
remove surface contaminants, dried at room temperature, and separated magnetically.
The dried material was then dissolved in a mixture of 15 mL concentrated hydrochloric
acid and 5 mL deionised water in a sealed glass container and left undisturbed at room
temperature for 24 hours. The solution was filtered to remove undissolved solids, and the
resulting clear iron solution was collected and stored in a sealed container for later use. To
synthesise iron oxide nanoparticles, 5 mL of this iron solution was mixed with 5.0 g of urea
and subjected to 30 minutes of ultrasonication. Sodium hydroxide (0.25 M) was gradually
added under continuous stirring until precipitation occurred or the pH reached 12. The
precipitate was washed with deionised water, dried at 60-80°C for 24 hours, and stored in
an airtight container, yielding well-controlled, high-quality iron oxide nanoparticles.

2.4.3. Synthesis of green Fe30,/CD nanocomposite

A green nanocomposite of iron oxide and carbon dots was created by combining 5 mL of
iron (Fe) solution, 5 mL of carbon dots solution, and 5.0 g of urea in a reaction vessel. The
mixture was subjected to ultra-sonication for 20 minutes, followed by the gradual addi-
tion of 0.25 M NaOH while stirring, until precipitate ensued or the pH attained 12. The
precipitate was filtered, thoroughly washed with deionised water, and subsequently dried
in an oven at 70°C for 24 hours. The completed nanocomposite was preserved in an
airtight container for subsequent utilisation. This technique guarantees a regulated and
repeatable production of high-quality iron oxide/carbon dots nanocomposite.

2.4.4. Synthesis of Fes0,/CD/Agl nanocomposite

The Fe304/CD/Agl nanocomposite was synthesised using a sequential wet-chemical
method under ambient laboratory conditions. Initially, 0.7 g of Fe30,/CD nanoparti-
cles was dispersed in 200 mL of deionised water and sonicated for 20 minutes to
obtain a uniform suspension. Next, 0.7 g of the ligand PVP was added to the
dispersion and stirred for 15 minutes to promote surface interaction between the
nanoparticles and the linker. PVP provides a stable environment for the growth of
nanostructures, prevents their aggregation, and controls their size and shape. The
heat treatment step facilitates the crystallisation of the nanostructures [32]. Then,
0.4 g of silver nitrate (AgNO3) was introduced while maintaining continuous stirring
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and allowed to react for 1 hour to enable coordination of silver ions with PVP.
Simultaneously, 0.6 g of potassium iodide (KI) dissolved in 30 mL of deionised water
was added dropwise to the mixture under stirring. The reaction was subsequently
stirred and gently heated for an additional hour to facilitate the formation and
deposition of the Fe;0,4/CD/Agl nanocomposite. The resulting product was collected
by centrifugation, thoroughly washed with deionised water to remove unreacted
reagents and by-products, and dried in an oven at 50°C. The final nhanocomposite
was stored in a desiccator for further characterisation and use in soil remediation
experiments.

2.5. Soil sample preparation

Soil samples were collected from the Ibrahim Khalil region, an area of ecological
concern due to potential organic contamination. Sampling was conducted at
a depth of 0-10cm, targeting the surface layer most susceptible to atmospheric
deposition and anthropogenic influence. Surface debris and litter were carefully
removed prior to collection. Approximately 1kg of soil was obtained using a sterile
stainless-steel scoop and immediately placed into pre-cleaned polyethylene bags to
minimise contamination and preserve volatile compounds. The soil was air-dried at
room temperature, finely ground with a mortar and pestle, and sieved through a 2 mm
mesh to achieve uniformity. Prepared samples were stored in sealed, labelled contain-
ers under dry conditions until physicochemical characterisation and remediation
experiments.

For spiked contamination, 50.0 g of pre-dried, homogenised soil was placed in
a glass beaker. A mixture of seven PAHs (final concentration 1.0 mg/L in acetone,
30.0 mL) was evenly sprayed onto the soil while manually stirring to ensure uniform
distribution. The soil was then allowed to air-dry at room temperature to evaporate
acetone completely. After drying, the soil was thoroughly re-mixed to ensure homo-
geneity and stored in sterile, airtight containers for subsequent sunlight-driven photo-
degradation studies.

2.6. Photocatalaytic experiments

2.6.1. Photodegradation of PAHs in contaminated soil

The photocatalytic degradation of PAHs in spiked soil was investigated using Fe;0,/CD/Agl
nanocomposite. For each experiment, 4.0 g of contaminated soil was combined with 0.1 g
of the nanocomposite, corresponding to a catalyst loading of 2.5% w/w. Soil moisture was
adjusted to approximately 20% by adding deionised water to simulate natural soil condi-
tions and enhance photocatalytic activity. The mixtures were evenly spread in glass Petri
dishes and exposed to natural sunlight for up to 8 hours per day, with the 24- and 48-hour
samples representing cumulative sunlight exposure. Samples were collected at predeter-
mined intervals (0, 1, 2, 4, 8, 24, and 48 hours) to monitor degradation progress. Control
experiments were conducted in the absence of the photocatalyst, sunlight, or both, to
separately evaluate the contributions of each factor to PAH degradation.
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2.6.2. Optimisation of photocatalytic degradation conditions

Systematic experiments under natural sunlight were conducted to determine the optimal
conditions for photocatalytic degradation of PAHs in contaminated soil. The study
focused on three parameters: (i) photocatalyst composition, (ii) catalyst dosage, and (iii)
sunlight exposure duration. Four photocatalyst treatments were tested: (1) Fes04/CD, (2)
Fes04/CD/Agl, (3) Fe304/CD combined with NayS,0g, and (4) Fes04/CD/Agl combined
with Na,S,0g. A control consisting of sunlight and water only was included for compar-
ison. Each treatment was applied to 4 g of PAH-contaminated soil prepared as described
previously. Catalyst dosage optimisation was performed with Fes0,/CD/Agl at 100 mg,
200 mg, and 300 mg per 4 g soil, corresponding to 2.5%, 5%, and 7.5% w/w, respectively.
The effect of sunlight exposure was assessed by sampling at 0, 1, 2, 3, 4, 8, 24, and
48 hours to determine the optimal irradiation time for maximal degradation. All experi-
ments were conducted in triplicate for statistical reliability. Residual PAH concentrations,
extracted from the soil, were analysed by GC-MS and compared to untreated controls to
evaluate the effects of photocatalyst composition, dosage, and exposure time on degra-
dation kinetics.

2.7. Extraction of residual PAHs from soil

After sunlight exposure, residual PAHs were recovered from the contaminated soil using
ultrasonic-assisted solvent extraction. 4 g of soil sample was exposed to three consecutive
extractions, each time 13.3 mL of a mixture of chloromethane and methanol (1:1 v/v) was
added to the soil sample and sonicated for 20 min. The combined extracts were centrifuged
for 10 min at 3500 rpm to remove suspended solids and the supernatant was collected. The
supernatant collected from all three consecutive extractions was concentrated using rotary
evaporation under vacuum to a final volume of approximately 1.5mL. The 1.0 yL of
concentrated extracts were analysed using GC-MS to determine the residual PAH concen-
trations and the photocatalytic degradation efficiency was evaluated based on the time-
dependent reduction of the target PAHs. To achieve the highest extraction efficiency of PAH
from soil, a mixture of various solvents and their different ratios were tested, including:
dichloromethane/acetone (3:1, v/v), dichloromethane/n-hexane (1:1, v/v), dichloro-
methane/methanol (1:1, v/v), and dichloromethane/1-propanol (3:1, v/v).
Dichloromethane/methanol (1:1, v/v) consistently provided the highest extraction efficiency
for both low- and high-ring PAHs and was therefore selected for subsequent analyses.

3. Results and discussion
3.1. Characterisation

3.1.1. FTIR analysis

Figure 1(a) presents the FTIR spectra of Fe;0, Fe;0,/CD, and Fe;0,/CD/Agl, showing
absorption bands between 400 and 4000 cm™'. For Fe;0,, characteristic Fe-O stretching
vibrations of the spinel structure were observed at 593.79 and 453.81 cm™', while the
broad O-H stretching band at 3421.64cm™' indicated surface hydroxyl groups or
adsorbed moisture. A peak at 1164.34cm™' was attributed to C-O-C stretching.
Incorporation of carbon dots (CDs) in Fe304/CD resulted in shifts in these peaks, reflecting
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Figure 1. Characterisation of Fe30,4, Fe304,/CD, and Fe30,/CD/Agl: (a) FTIR spectra, (b) XRD patterns,
and (c) TGA curves.

interactions between Fes;0, and CD surface functional groups [33]. Fe-O vibrations
appeared at 604.56 and 447.76 cm™', and new bands emerged at 1626.06, 1459.37,
1160.87, and 901.86cm™", corresponding to C=C, C-O, and C-O-C vibrations. The O-H
stretching band shifted slightly to 3426.67 cm™', confirming retention of hydroxyl groups.
These spectral changes indicate effective bonding between Fes04 and CDs, confirming
Fe30,4/CD nanocomposite formation [34].
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The Fe;0,/CD/Agl spectrum showed Fe-O vibrations at 593.02 cm™', slightly shifted from
Fe304/CD, suggesting modified bonding due to Agl incorporation. The broad O-H band
persisted at 3449.15 cm™, with additional bands at 3754.52 and 3874.55 cm ™' (O-H or N-H),
likely arising from enhanced hydrogen bonding or surface functionalities introduced during
Agl deposition. Although Ag-I bonds are largely IR-inactive, their presence is inferred from
shifts in Fe—O vibrations and changes in the overall spectral profile [35], confirming success-
ful integration of Agl into the Fe30,/CD matrix.

3.1.2. XRD analysis
The crystalline structure and phase composition of Fe30,4 Fe304/CD, and Fe;0,/CD/Agl
nanocomposites were investigated using X-ray diffraction (XRD), as shown in Figure 1(b).
The XRD pattern of Fe;0,4 exhibited sharp and intense diffraction peaks at 26 = 30.1°, 35.5°,
43.2°,53.4°, 57.0°, and 62.6°, corresponding to the (220), (311), (400), (422), (511), and (440)
planes of the face-centred cubic spinel structure of magnetite [36]. The peak at 35.5° was
the most prominent, confirming the highly crystalline nature of the Fe;0,4 nanoparticles. In
the Fe;0,/CD pattern, these characteristic peaks were retained, indicating that incorpora-
tion of carbon dots did not disrupt the spinel lattice. Slight peak broadening and intensity
reduction were observed, likely due to decreased crystallite size and induced lattice strain.
No distinct peaks were detected for CDs, consistent with their amorphous structure [34].
Upon Agl incorporation, additional peaks appeared at 26 = 22.6° 23.8°,39.1°, and 46.3°,
corresponding to the (100), (002), (110), and (103) planes of hexagonal 3-Agl. The coex-
istence of these Agl reflections with Fe;0,4 peaks confirms successful formation of the Fes
04/CD/Agl heterostructure. These results indicate that both CDs and Agl were effectively
integrated without altering the spinel structure of Fe30,4, demonstrating strong structural
compatibility. The presence of multiple crystalline phases is expected to enhance charge
separation and improve photocatalytic performance under sunlight irradiation.

3.1.3. Thermogravimetric analysis (TGA)

The thermal stability and composition of Fe30,4, Fe30,/CD, and Fe;0,/CD/Agl nanocom-
posites were evaluated by thermogravimetric analysis (TGA) in air over the temperature
range of 25°C to 700°C (Figure 1(c)). The multi-step weight loss profiles reflect moisture
content, decomposition of surface-bound organics, and the thermal behaviour of incor-
porated components. Fes0, nanoparticles exhibited excellent thermal stability, with
a minor mass loss of 1.34% up to 121.8°C, attributed to the desorption of physically
adsorbed water. A subsequent loss of 6.85% between 121.8 and 275.7°C corresponded to
the removal of surface hydroxyl groups and possible phase transitions. A final slight
decrease of 1.18% at 701.7°C likely resulted from minor structural rearrangements or
entrapped volatiles, yielding a total weight loss of 9.37% [37].

Modification with carbon dots (Fe30,/CD) led to increased thermal degradation. The
initial 1.83% loss up to 121.1°C was due to water evaporation, followed by a more
pronounced 7.39% loss at 286.8°C from decomposition of carbonaceous groups and
surface functional groups of CDs. A final loss of 2.95% at 702.2°C, attributed to residual
organic decomposition, resulted in an overall weight loss of 12.17%.

The Fe30,/CD/Agl nanocomposite displayed a total mass loss of approximately 9.14%,
indicating good thermal stability. The primary loss of 7.06% between 27.4 and 353.1°C
was due to removal of adsorbed water and surface-bound organics, while a minor 1.73%
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loss at 704.7°C was associated with decomposition of remaining organic components
linked to CDs. These results confirm the successful incorporation of carbon dots and Agl
into the Fe;0,4 matrix and demonstrate enhanced decomposition of organic constituents
in the hybrid nanocomposites.

3.1.4. Scanning electron microscopy (SEM)

The surface morphology of the synthesised materials was examined using SEM, as shown in
Figure 2. The images reveal clear differences in particle structure and aggregation among
Fes0,4 Fe304/CD, and Fe;0,/CD/Agl nanocomposites, highlighting the effects of each
modification step on the catalyst’s physical structure. SEM micrographs of Fe;0, nanopar-
ticles (Figure 2(a,b)) show highly aggregated, nearly spherical particles with a dense, bulk-
like structure. In contrast, the Fe;0,/CD nanocomposite (Figure 2(c,d)) exhibits reduced
aggregation and more uniform dispersion, resulting in a porous, less dense morphology
that may enhance surface reactivity and facilitate charge transport during photocatalysis.
The Fes0,/CD/Agl nanocomposite (Figure 2(ef)) displays further textural changes, with
a rough, granular surface indicating successful decoration of the Fe;0,/CD matrix with
Agl nanoparticles. This creates a heterogeneous, porous network that can improve light
absorption and increase the number of reactive sites available for photocatalytic degrada-
tion. Overall, the SEM analysis demonstrates a clear evolution in surface morphology from
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Figure 2. SEM images of Fe;0,4- based materials: (a, b) Fe30y, (¢, d) Fes0,/CD, and (e, f) Fe304,/CD/Agl,
showing surface morphology and particle dispersion.
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Fe30,4 to Fes0,4/CD and finally to Fe;0,/CD/Agl, confirming the effective stepwise modifica-
tion of the nanostructure.

3.2. Photocatalytic degradation of PAHs

3.2.1. Influence of sunlight irradiation duration

The effect of sunlight exposure duration on the photocatalytic degradation of seven
PAHs-naphthalene, acenaphthylene, phenanthrene, anthracene, fluorene, fluoranthene,
and pyrene-was systematically evaluated over 48 hours using Fe;04-based nanocompo-
sites. In all cases, PAH removal increased with irradiation time, showing the most rapid
degradation during the first 24 hours, followed by a slower but continuous decline from
24 to 48 hours (Figures 3 and 4). Overall degradation efficiency followed the trend: Fe;0,
/CD/Agl + PS > Fe30,/CD + PS > Fe;0,/CD/Agl > Fe;0,/CD.

Naphthalene, the smallest and most volatile PAH with two rings, displayed the highest
reactivity. Under Fes0,/CD/Agl + PS, its concentration decreased to 3% after 24 hours and
was completely removed by 48 hours (Figure 3(a)). Using Fe30,/CD/Agl or Fe30,4/CD + PS,
approximately 95% removal was achieved, whereas Fe;04/CD alone left 30% residual, and
the sunlight-only control retained 35%. This rapid degradation highlights both the
susceptibility of naphthalene to photolysis and the catalytic contribution of radical-
generating systems.
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Figure 4. Residual concentrations of (a) fluorene, (b) fluoranthene, (c) pyrene, and (d) effect of catalyst
dosage on PAH degradation under sunlight with Fe30,/CD, Fe30,/CD/Ag|, Fe304/CD + PS, Fe30,/CD/
Agl + PS, and water (control).

Acenaphthylene (three rings) showed moderate reactivity, reflecting its greater mole-
cular stability compared to naphthalene. Under Fe30,/CD/Agl + PS, its concentration
dropped to 30% after 48 hours, while residuals of 66% and 70% were observed with Fes
0,/CD and water control, respectively (Figure 3(b)). Most degradation occurred within the
first 24 hours, indicating partial susceptibility to oxidative radicals but greater structural
resilience than lighter PAHs.

Phenanthrene (three rings, angular structure) exhibited increased resistance due to its
compact geometry and strong m-T interactions with soil organic matter. After 48 hours,
residual concentrations were 21% with Fe;04/CD/Agl + PS, compared to 75% with Fes0,
/CD and 94% under sunlight alone (Figure 3(c)). This slower degradation underscores the
critical role of molecular shape in limiting access to reactive species [38].

Anthracene (three rings, linear structure) displayed substantial recalcitrance, with over
88% residual under Fe30,/CD and more than 97% in the control after 48 hours (Figure 3(d)).
Although Fe30,/CD/Agl + PS reduced anthracene by 35%, the gradual decline reflects
significant adsorption to the soil matrix, limiting its availability for photocatalytic oxidation
despite its more open structure relative to phenanthrene.

Fluorene (three rings with a heteroatom bridge) was more labile than anthracene and
phenanthrene, likely due to electron density localisation at its bridging position. After 48 hours,
Fes0,/CD/Agl + PS reduced fluorene to 47% residual, while Fes0,/CD and water controls
retained 79% and 90%, respectively (Figure 4(a)). These results suggest that molecular electro-
nic configuration, in addition to ring count, strongly influences photocatalytic susceptibility.
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Fluoranthene (four rings) exhibited moderate resistance but responded efficiently
under the optimised system, with residual levels decreasing to 22% using Fes0,/CD/
Agl + PS after 48 hours. In contrast, Fes0,/CD and water-only controls preserved 77% and
97%, respectively (Figure 4(b)). The pronounced decrease between 8-24 hours indicates
that once adsorption equilibrium was established, radical-mediated oxidation proceeded
effectively.

Pyrene (four rings), the most persistent PAH, demonstrated high stability and strong
soil adhesion due to extensive aromatic condensation. Its degradation was gradual, with
29% residual under Fe30,4/CD/Agl + PS after 48 hours, compared to 86% with Fe;0,/CD
and 98% in the control (Figure 4(c)). This underscores the requirement for prolonged
irradiation to break its condensed m-electron system, confirming pyrene’s role as
a benchmark for photocatalytic durability [38].

Collectively, these results highlight that PAH degradation is strongly influenced by
molecular structure and catalyst composition (Figures 3 and 4). Low-ring PAHs (naphtha-
lene, acenaphthylene) underwent rapid degradation within the first 24 hours, whereas
high-ring PAHs (fluoranthene, pyrene) required extended irradiation for substantial
removal. The Fe30,/CD/Agl + PS system consistently outperformed other catalysts, ben-
efiting from the synergistic effects of Agl, CDs, and persulphate, which enhance radical
generation and maintain robust oxidative pathways [39]. Notably, sunlight exposure
shorter than 24 hours was insufficient for effective elimination of resistant PAHs, whereas
48 hours achieved near-complete degradation of both labile and persistent compounds.
This operational timeframe demonstrates the practicality of solar-driven soil remediation,
emphasising the critical roles of catalyst design and exposure duration in achieving
efficient detoxification.

3.2.2. Effect of nanocomposites nature

The photocatalytic performance of the Fe;04-based nanocomposites was strongly influ-
enced by their structural composition. Bare Fe;0, exhibited minimal activity under sun-
light, likely due to limited visible-light absorption and rapid electron-hole recombination
[40]. Incorporation of carbon dots (CDs) into Fe;0,4/CD slightly improved degradation
efficiency, attributable to enhanced visible-light absorption and superior electron trans-
port. CDs act as electron reservoirs, reducing charge recombination and facilitating
photocatalytic reactions [25].

Further addition of Agl to the Fe304,/CD matrix significantly enhanced photocatalytic
efficiency. Agl, a visible-light-responsive semiconductor, interacts closely with the Fe;0,/CD
composite, promoting effective separation of photogenerated electrons and holes and
extending light absorption into the visible range. This improved charge separation
increases the production of reactive oxygen species (ROS), which are essential for PAH
degradation [24].

As shown in the PAH degradation profiles (Figures 3 and 4), both Fe30,/CD and Fe304
/CD/Agl exhibited superior activity compared to bare Fe;0,4 however, neither achieved
complete degradation of all PAHs within 48 hours. Nevertheless, the inclusion of Agl
markedly enhanced removal of mid- to high-molecular-weight PAHs relative to Fe;0,/CD
alone, highlighting the beneficial role of Agl in targeting more persistent pollutants.
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3.2.3. Enhancement due to Na,S,0z addition

The addition of sodium persulphate (Na,S,0g) to the photocatalytic system mark-
edly enhanced the degradation of all seven PAHs, particularly those with higher
molecular weight and condensed aromatic rings [41]. When incorporated into Fe;
04/CD and Fe304/CD/Agl composites, persulphate acted as a strong oxidising
agent, generating reactive sulphate radicals (SO4+7) through photolytic activation
and catalytic interaction with the composite surface under sunlight. Unlike hydro-
xyl radicals («OH), which are highly reactive but non-selective, sulphate radicals
possess higher redox potential and greater selectivity towards electron-rich aro-
matic compounds, enabling more efficient attack on stable PAH molecules and
enhancing mineralisation.

Additionally, SO4+~ radicals exhibit extended lifetimes in aqueous and humid soil
environments, allowing deeper penetration and sustained oxidation activity [42].
Comparative experiments demonstrated that inclusion of Na,S,0g accelerated degrada-
tion rates and increased overall removal efficiency, particularly during the later stages of
solar exposure (24-48 h). Persistent PAHs such as anthracene and fluoranthene, which
degraded slowly without oxidant support, showed significantly improved elimination in
the presence of persulphate.

In the Fe30,/CD/Agl + PS system, the combination of visible-light photocatalysis and
persulphate activation created a highly oxidative environment, producing multiple reac-
tive oxygen species (ROS), including SO,4-~, -OH, and superoxide radicals (O,+") [43]. This
multi-pathway oxidation facilitated near-complete removal of low-molecular-weight
PAHs and substantial degradation of high-molecular-weight PAHs within 48 hours, as
reflected in the individual PAH degradation profiles (Figures 3 and 4).

3.2.4. Control (sunlight-only) performance

Control experiments were conducted to assess the effect of direct photolysis on PAH-
contaminated soil, where samples were treated only with water and exposed to natural
sunlight for 48 hours. The results revealed minimal degradation, with most PAHs retaining
over 90% of their initial concentrations. Specifically, levels after 48 hours were: naphtha-
lene 35%, acenaphthylene 70%, phenanthrene 94%, anthracene 97%, fluorene 90%,
fluoranthene 97%, and pyrene 98% (Figures 3 and 4). The limited photolytic activity
under sunlight is likely due to the low quantum efficiency of direct PAH photodegradation
in soil matrices, as well as the protective effect of soil particles, which attenuate UV
penetration [44]. Additionally, the intrinsic stability of high-molecular-weight PAHs further
impedes their breakdown in the absence of catalytic assistance [45]. These findings
indicate that natural sunlight alone is insufficient for effective PAH remediation in con-
taminated soils and underscore the crucial role of photocatalyst-mediated and radical-
driven processes in achieving substantial degradation.

3.2.5. Influence of catalyst dosage on PAHs degradation

The effect of Fes0,/CD/Agl catalyst loading on the photocatalytic degradation of seven
PAHs was investigated at 100 mg, 200 mg, and 300 mg per 4 g of contaminated soil
(corresponding to 2.5%, 5%, and 7.5% w/w, respectively). After 48 hours of sunlight
exposure, residual PAH concentrations decreased with increasing catalyst dosage. At
100 mg, heavier PAHs such as phenanthrene (45%), anthracene (48%), and pyrene
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(42%) showed limited degradation, whereas lighter PAHs like naphthalene were more
effectively removed (12%). Increasing the dosage to 200 mg significantly enhanced
degradation for all PAHs, reducing naphthalene to 4% and pyrene to 33%. At 300 mg,
slight additional reductions were observed, with phenanthrene, anthracene, and pyrene
residuals decreasing to 33%, 42%, and 25%, respectively, and complete elimination of
naphthalene (0%).

The marginal improvement from 200 mg to 300 mg likely results from catalyst aggre-
gation and increased light scattering at higher loadings, which reduce the photocataly-
tically active surface area [46]. These results indicate that 200 mg (5% w/w) represents the
optimal dosage, balancing efficient degradation with catalyst utilisation. This loading
effectively removes both low- and high-molecular-weight PAHs, demonstrating the prac-
tical applicability of Fe30,/CD/Agl nanocomposites for solar-driven soil remediation. The
dosage-dependent trends are summarised in Figure 4(d).

3.3. Comparative efficiency for individual PAHs

The overall photocatalytic degradation efficiency of the seven PAHs followed the order:
naphthalene > acenaphthylene > fluorene > fluoranthene > anthracene > phenanthrene >
pyrene (Figures 3 and 4). Low-molecular-weight PAHs with fewer aromatic rings, such as
naphthalene and acenaphthylene, degraded more rapidly due to higher aqueous solubility,
lower molecular stability, and weaker adsorption to the soil matrix. In contrast, high-ring
PAHs, including pyrene and anthracene, exhibited greater resistance to degradation, reflect-
ing their enhanced molecular stability, pronounced hydrophobicity, and strong affinity for
soil organic matter, which limit their bioavailability and accessibility to reactive species [47].

In the most effective system, Fe;0,/CD/Agl + PS, pyrene retained only 29% of its initial
concentration after 48 hours, whereas in the Fes04/CD system alone, 86% remained
undegraded. This pronounced difference highlights the critical influence of molecular
structure and catalyst composition on degradation efficiency. These results emphasise the
importance of tailoring remediation strategies to the specific PAH profile of contaminated
sites, considering both the reactivity of individual compounds and the design of the
photocatalyst.

The observed differences in degradation efficiencies are further influenced by PAH
speciation and initial content in the soil. The investigated PAHSs included low-molecular-
weight compounds (naphthalene, acenaphthylene, fluorene) and high-molecular-weight
compounds (phenanthrene, anthracene, fluoranthene, pyrene), which differ markedly in
physicochemical properties and soil interactions. Low-molecular-weight PAHs exhibited
higher bioavailability and faster degradation, whereas high-molecular-weight PAHs
showed increased persistence due to strong sorption to the loamy soil matrix, resulting
in reduced accessibility to reactive species. These speciation-dependent characteristics
explain the degradation trends observed with the Fe;0,/CD/Agl nanocomposite under
realistic soil conditions [4,48-50].

3.4. Mechanistic insights

The purpose of the radical quenching studies was to investigate the amount of reactive
species involved in the photo-degradation of pyrene over Fe304/CD/Agl + PS. In order to do
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this, 10 m mol solutions of benzoquinone (BQ), tert-butanol (TBA), and methanol (MeOH)
were added to photocatalytic experiments as scavengers to trap O,, OH, and SO,
respectively [51,52]. Figure 5 illustrates how the removal rate of pyrene photo-
degradation in the presence of BQ, TBA, and MeOH dropped by 26%, 34%, and 45%,
respectively, in comparison to the no quencher (CK). Because of this, the inhibition
sequence is MeOH > TBA > BQ, suggesting that SO,~ was primarily responsible for the
photocatalytic degradation of PAHs on Fes0,/CD/Agl + PS. Nevertheless, -OH and 02~
radicals also had a significant impact on the PAH degradation process.

Figure 6 illustrates the photocatalytic probable mechanism of the Z-scheme Agl/Fe;0,/CD
hetero-nanostructure. Based on the aforementioned analysis, test results, and literature. Agl’s
band gap is 2.8 eV, and its ECB and EVB reach —0.42 eV and 2.38 eV, respectively, in accor-
dance with current research investigations. Furthermore, Fe;0,'s ECB and EVB are —0.58 eV
and 0.99 eV, respectively, and its band gap is 1.57 eV [53]. Electrons in the Agl and Fe;0,
components of the Agl/Fes0,/CD nanocomposite are excited from the VB to the CB by visible
light exposure. Agl, CD, and Fe;0, interacted closely, resulting in the formation of an interface
based on a corresponding energy level structure. The adsorbed O, on the composite surface
absorbed the photogenerated electrons in the CB of Agl and Fes0,, and the resulting «O,- (EO
(«0,/02) = ~0.33 V/NHE) was an efficient active material to break down organic contaminants
[53]. Furthermore, the transferred electrons on the CB of Fe304 and Agl can react with
adsorbed 02 to form H202 molecules since the EO of 02/H202 against NHE is +0.682 eV [52].
«OH is then produced when the electron-rich Fe-centers of Fe304 combine with the produced
H202 molecules, activating the HO—OH link [54]. Furthermore, the photogenerated electrons
were preserved in the more negative Fe304 CB while the photogenerated hole was pre-
served within the more positive VB of Agl. Furthermore, Agl’s VB (2.38 V) was more positive
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Figure 5. The removal percentage of pyrene using Fe30,/CD/Agl +PS in presence of three types of
radical quencher.
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Figure 6. The photocatalytic mechanism of Fe30,/CD/Agl + PS under sun-light irradiation.

than that of «OH/OH™ (1.99 V) and SO4.—/5208-2 (SO4.—/5208-2 = 2.10 V), indicating that the
holes can either directly oxidise pollutants or react with H20 and $208-2 to produce «OH and
SO4.—, respectively [53]. Improved photocatalytic capabilities can arise from increased light
absorption and increased charge carrier mobility caused by the presence of CD nanostruc-
tures in the nanocomposite composition. These factors led to a significant increase in the
photocatalytic activity for degrading the organic pollutant, and the Z-scheme Agl/Fe304/C
hetero-nanostructure could significantly speed up the photocatalytic breakdown of the PAH
molecules.

3.5. Degradation pathway of PAHs by the Fes0,/CD/Agl system

The degradation products of the seven spiked PAHs, identified by GC-MS, are sum-
marised in Figure 7. The oxidative transformation of PAHs by the Fe;0,/CD/Agl system
can be described in three main stages, as inferred from the detected intermediates and
relevant literature [55]. In the initial stage, reactive oxygen species (ROS) attack the
aromatic rings, generating quinonoid and phenolic derivatives [56]. Representative pro-
ducts at this stage included 9,10-anthracenedione, a characteristic quinone of high-
molecular-weight PAHs, and 2,4-di-tert-butylphenol, indicative of hydroxylation and alkyl-
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Figure 7. Proposed photocatalytic degradation pathway of seven PAHs under Fe30,/CD/Agl systems.

substitution reactions. These transformations disrupt the conjugated n-system, facilitating
subsequent ring cleavage [57].

During the second stage, the oxidised intermediates undergo ring-opening reactions,
yielding oxygenised fragments. The detection of dibutyl phthalate suggests the involve-
ment of phthalic acid intermediates, esterified via radical coupling with alkyl groups
derived from the soil matrix [57]. Additional ring-cleavage products, such as 5-hydroxy-
methylfurfural, ethanol, 2-phenoxy, and octanal,2-(phenylmethylene), confirm the con-
version of aromatic structures into furanic, benzylic alcohol, and aldehydic derivatives.
The appearance of acetyl valeryl indicates further oxidative cleavage of opened-ring
intermediates into medium-chain ketones.

In the final stage, persistent ROS progressively decompose these oxygenised inter-
mediates into small organic acids and hydrocarbons. Oxalic acid was identified as a stable
end-product of aromatic oxidation, while 1-heptene reflects decarboxylative fragmenta-
tion of aliphatic chains. The presence of palmitic acid suggests the transient formation of
long-chain fatty acid-like species, which are gradually degraded under oxidative condi-
tions. Ultimately, these intermediates are mineralised to CO, and H,0, completing the
degradation process [52,54].

3.6. Comparison with previous studies

The sunlight-driven photocatalytic degradation of PAHs in soil presented in this study
offers distinct advantages over previously reported approaches, which predominantly rely
on UV irradiation or aqueous-phase treatment. Traditional UV-based photocatalytic sys-
tems generally require energy-intensive artificial light sources and often employ hazar-
dous oxidants such as hydrogen peroxide or ozone, limiting their sustainability and
practical applicability [58]. In contrast, the present system achieved complete removal
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Table 1. Comparison of the current study with other reported related research.
Light source/

Catalyst Target PAHs Time PAH Degradation %/Metrics Ref.
Akaganeite(p- Phenanthrene UV, ~96 h2 Phenanthrene: ~100% degraded, in [55]
FeOOH) soil
nanorods
TiO, (0.5%) Phenanthrene, Pyrene, BaP uv, Phenanthrene 75%; Pyrene ~70%;  [60]
prolonged BaP ~72%, in soil
hours
a-FeOOH, B- Benzo[alpyrene UV, ~120 h 95-100% degradation achieved, in  [61]
FeOOH,Fe30,, soil
y-Fe,03, and
aFe,0s+oxalic
acid
TiO, Acenaphthene,Anthracene, UV, ~12h Acenaphthene:91%; [62]
Benzo[alanthracene, Indene Anthracene:84%; Benzo[a]
[1,2,3 cd]pyrene,Dibenzo[ah] anthracene: 75%; Indene
anthracene, Benzo[ghi]pyrene [1,2,3-cd]pyrene: 67%;

Dibenzo[ah]anthracene:62%;
Benzo[ghilpyrene: 59%, in
mangrove sediment,

soil

Nano-TiO, Total PAHs, HMW PAHs UV, 1h Total PAHs: ~93%; HMW PAHs: [63]
~94-95%, on biochar
Fe30,/CDs/Agl Naphthalene, Fluoranthene, Natural Naphthalene:100%, This
+PS Pyrene, Acenaphthylene, sunlight, Fluoranthene:78%, Pyrene71%, study
Phenanthrene, Anthracene, 48 hours Acenaphthylene:70%,
Fluorene Phenanthrene: 79%, Anthracene:

65%, Fluorene: 53%,in soil

of naphthalene and over 70% degradation of fluoranthene and pyrene under natural
sunlight, without the need for additional energy input or toxic chemicals. Furthermore,
the incorporation of carbon dots and Agl enhanced visible-light absorption and pro-
moted efficient charge separation, resulting in superior degradation performance relative
to bare Fes04 or other conventional photocatalysts [59]. These results highlight the
feasibility of harnessing solar energy for soil remediation, providing an economical and
environmentally friendly alternative to conventional methods. Compared to commonly
used photocatalysts such as TiO, that mentioned in Table 1 [55,60-63] and other con-
ventional materials, the Fe304/CD/Agl composite offers several advantages: all precursors
are derived from industrial and agricultural waste, making the catalyst cost-effective and
environmentally sustainable. The combination of carbon dots and Agl extends light
absorption into the visible region, enabling efficient sunlight utilisation rather than
relying on energy-intensive UV lamps [59]. Furthermore, the catalyst demonstrates break-
through performance for recalcitrant PAHs such as pyrene, achieving 71% degradation
under natural sunlight within 48 h, which is comparable to or exceeds many TiO,-based
systems under UV irradiation [60,62]. A comparative summary with other published
studies is presented in Table 1.

3.7. Practical application potential, limitations, and future perspectives

The developed Fe;0,/CD/Agl nanocomposite was investigated for practical potential
soil remediation applications due to its efficient sunlight-driven photocatalytic activity,
magnetic recoverability, and sustainable material design. Importantly, all degradation
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experiments were conducted using real soil rather than artificial matrices, enhancing
the environmental relevance of the obtained results. The investigated soil was classi-
fied as loamy soil, with a measured pH of 7.5 and an organic matter content of 1.2%,
representing realistic soil conditions. Although the present study confirmed effective
PAH degradation under loamy soil conditions, variations in soil composition such as
pH, organic matter, and texture, may influence photocatalytic efficiency, highlighting
the need for broader validation across different soil types and contamination scenarios
[64]. Soil properties such as pH, organic matter content, and texture can affect
pollutant adsorption, radical scavenging behaviour, and mass transfer processes. In
this work, the magnetic separation performance of the catalyst was experimentally
verified and demonstrated effective recovery from the soil matrix; however, catalyst
reuse over multiple degradation cycles was not investigated. Future studies should
therefore include systematic reusability and stability assessments following repeated
magnetic recovery, as emphasised in previous investigations of magnetic photocata-
lysts [64,65].

From a materials design perspective, the development of the Fe;0,/CD/Agl nano-
composite followed a stepwise optimisation strategy. Initially, Fe;04/carbon dots were
synthesised to enhance degradation rates through improved visible-light absorption
and charge transfer. Subsequently, Agl was incorporated to further extend visible-
light responsiveness and suppress charge recombination. Finally, persulphate activa-
tion was introduced to amplify reactive oxygen species generation and maximise
degradation efficiency. This synergistic combination maximises photocatalytic perfor-
mance. From an economic standpoint, the utilisation of waste-derived precursors,
solar-driven operation, and magnetic recovery suggests potential cost reductions
compared to conventional UV-driven or chemically intensive remediation technolo-
gies [64,66].

In terms of environmental safety, the incorporation of silver-containing components
introduces potential ecological concerns related to metal leaching and long-term
persistence in soil environments. Although no adverse effects were observed during
the short-term experiments conducted in this work, comprehensive eco-toxicological
assessments-including impacts on soil microorganisms and plants-are necessary prior
to field-scale application, as highlighted in previous studies on silver-based nanoma-
terials [67].

3.8. Environmental and practical implications

The synthesis of photocatalysts from waste-derived precursors, namely iron waste
and wheat straw, aligns with circular economy principles by transforming industrial
and agricultural byproducts into valuable functional materials [68]. The Fe30,/CD/
Agl + PS system demonstrated high photocatalytic performance under natural sun-
light, while offering magnetic recoverability and utilising non-toxic components,
underscoring its potential for passive or semi-passive field-scale remediation of
PAH-contaminated soils. This approach reduces reliance on artificial energy inputs
and minimises secondary pollution, making it both environmentally and economic-
ally sustainable. Although soil parameters such as organic matter content, moist-
ure, and texture were not directly evaluated in this study, they are known to
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influence PAH bioavailability and photocatalytic efficiency under field conditions
[19], potentially affecting interactions among contaminants, catalysts, and reactive
species.

4. Conclusion

This study establishes a highly effective and sustainable photocatalytic system using
Fes0,/CD/Agl nanocomposites, synthesised entirely from iron waste and agricultural
biomass. The ternary nanocomposite demonstrated exceptional photocatalytic perfor-
mance under natural sunlight, particularly in the presence of sodium persulphate,
achieving near-complete degradation of both low- and high-molecular-weight PAHs
in contaminated soils. The outstanding efficacy arises from the synergistic interplay
among Fe3;0,, carbon dots, and Agl, which collectively enhance visible-light absorp-
tion, facilitate efficient charge separation, and generate abundant reactive oxygen
species. Beyond its high degradation efficiency, the system offers magnetic recover-
ability, green and waste-derived synthesis, and reliance on solar energy, making it
uniquely suitable for scalable, field-applicable soil remediation. By combining circular
economy principles with cutting-edge photocatalysis, this approach represents
a paradigm shift towards environmentally responsible and cost-effective remediation
of persistent organic pollutants. The green synthesis of the Fe30,/CD/Agl nanocom-
posite not only utilises waste materials but also contributes to reducing carbon
emissions and lowering reliance on primary mineral extraction, enhancing its overall
environmental sustainability. Considering life cycle impacts, this strategy represents
a practical example of eco-friendly material design that supports sustainable soil
remediation technologies in line with contemporary environmental and societal prio-
rities [69,70]. Future investigations should expand the evaluation across diverse soil
types and real-world contamination scenarios to fully unlock its potential for broad
environmental applications, paving the way for practical deployment of solar-driven,
sustainable soil remediation technologies.
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