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Enhanced Photocatalytic Degradation of Polyethylene Microplastics
under Simulated Sunlight Using Fe304@Ti02/Ag Nanocomposite and

Optimization via Response Surface Methodology

Qian Wei

Abstract
Microplastics present serious environmental and health threats, and traditional disposal
methods often fall short in efficiency and can cause ecological damage. Photocatalytic
degradation has become a promising approach. However, conventional TiO>-based
photocatalysts suffer from high rates of electron-hole recombination, narrow visible light
absorption, and poor reusability. In this study, we develop and optimize a FesOs@TiO2/Ag
nanocomposite for the efficient degradation of polyethylene microplastics with facile recovery.
The synergistic integration of Fe;O4 and Ag with TiO; enhances visible light absorption and
mitigates charge carrier recombination. Notably, the Fe304@Ti02/Ag nanocomposite exhibits
a degradation efficiency of 15.54%, outperforming Fe;O4@TiO> (12.63%) and pristine TiO>
(1.15%). Moreover, the composite maintains its performance over five consecutive cycles,
underscoring its durability. The degradation efficiency of FesOs4@TiO2/Ag was further
optimized using response surface methodology. Overall, the developed Fe;Os4@TiO2/Ag
nanocomposite exhibits excellent photocatalytic efficiency, magnetic recoverability, and long-
term stability, highlighting its potential for practical applications in mitigating microplastic

pollution.

Keywords: Microplastic - TiO», Ag nanoparticles, Magnetic separation, Photocatalysis,
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Introduction

Plastics have become an essential part of contemporary society because of their

(12 However, these advantages

affordability, lightweight nature, high strength, and durability
come with significant environmental costs. Annually, approximately 400 million tons of plastic
waste are produced, of which 9% is recycled, while the remained ends up in landfills or the
ocean>¥. Over time, this plastic waste eventually decomposes into microplastics—particles
smaller than 5 millimeters in size—entering the environment through littering, river runoff, and
wastewater dischargel®!. Currently, about 5.25 trillion microplastics particles, weighing 268,940
tons, are present in oceans and are found in 49% of North Atlantic fish®7l. Carrying toxic,
endocrine-disrupting chemicals, microplastics have already entered human bodies via the food
chain, threatening human health at this very moment®l. Given the scale of microplastic
pollution and its associated hazards, there is an urgent need for effective microplastics
degradation approaches.

Photocatalytic degradation has surfaced as a promising method for eliminating organic
pollutant due to its high efficiency, utilization of renewable light energy, and avoidance of toxic
byproducts in contrast to traditional methods such as landfilling and waste incineration!!.
Among various photocatalysts, anatase titanium dioxide (TiO2) has been extensively studied
due to its affordability, chemical stability, and powerful oxidizing properties!'”.. When exposed
to light irradiation, electrons in TiO> are excited from the valence band (VB) to the conduction
band (CB), resulting in the formation of positively charged holes (h+) in the VB. These
electron-hole pairs react with water and oxygen to generate reactive oxygen species (ROS),
including hydroxyl radicals (¢*OH) and superoxide radicals (*O>"), which degrade microplastics

(1] However, TiO; is hindered by a high rate of

into lower molecular weight compounds
electron-hole recombination and limited absorption of visible light because of its large band

gap (3.2 eV)12l,



To overcome these limitations, several methods have been investigated to enhance the
mobility of charge carriers, such as metallic modification and heterojunction engineering!!*. Of
the various metals examined, silver (Ag) has attracted considerable interest because of its
plasmonic properties. Ag nanoparticles can enhance light absorption and facilitate electron
excitation via the surface plasmon resonance (SPR) effect!'*l. Previous studies have shown that
depositing Ag nanoparticles onto TiO> can reduced its band gap from 3.2 eV to approximately
2.75 eV, thereby enabling photocatalytic activity under visible light!'*). Ag/TiO, photocatalysts
have demonstrated significant performance enhancements, achieving degradation efficiencies
of 99.3% for methyl orange in 80 min and 98% for Congo red in 4 hl'®!7]. Despite these
improvements, Ag/TiO> composite often suffers from poor reusability, limiting practical
application.

Incorporating magnetic materials, such as iron oxide (Fe3;O4) offers an effective solution
for catalyst recovery via magnetic separation. Embedding Fe3O4 into TiO2 not only enhances
recoverability but also can enhance photocatalytic activity. For instance, Fe304/Ti0; hollow
spheres exhibited superparamagnetic characteristics at room temperature and maintain good
photocatalytic activity under UV light irradiation, with minimal efficiency loss after up to six
recovery cycles!!8l. Additionally, the formation of a p-n heterojunction at the Fe;O4/TiO:
interface creates an interfacial electric field that promotes charge carrier mobility, further
improving photocatalytic efficiency!!”!.

These findings underscore the potential of integrating Ag and Fe3;O4 into TiO:2 to
simultaneously enhance photocatalytic performance and reusability. However, the synergistic
effects of Ag and Fe;O4 on the degradation of polyethylene (PE) microplastics remain relatively
underexplored. This study aims to develop and optimize a highly efficient, magnetically
recoverable, and stable Fe3O4@TiO2/Ag photocatalyst. By strategically incorporating p-n

heterojunctions, the Schottky barrier, and the SPR effect, this proposed design seeks to



maximize photocatalytic efficiency, offering a promising approach for the degradation of

microplastics in real-world environmental applications.
Methodology

Materials

Ammonia solution (NH3-H20), tetrabutyl titanate (TBOT, Ci¢H3604Ti), and
isopropanol (C3HgO) were purchased from Aladdin Co., Ltd. (China). Iron (III) chloride
hexahydrate (FeCl3-6H20), iron (II) chloride tetrahydrate (FeCl>-4H>0), silver nitrate (AgNO3),
p-benzoquinone (p-BQ), methanol (MeOH), and tert-butanol (TBA) were obtained from
Sinopharm Group Chemical Reagent Beijing Co., Ltd. (China). Deionized water with a
resistivity greater than 18.2 MQ cm was obtained using a Millipore Milli-Q Plus 185
purification system and was used in all experiments. All reagents were used as received, without
further purification.
Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were synthesized through a co-precipitation method®®. In a
standard procedure, 2.36 g of FeClz-6H>O and 2.5 g of FeCl>-4H>O were dissolved in 100 mL
of deionized (DI) water and stirred for 30 min. Following this, NH3-H>O was added dropwise
until a black precipitate appeared. The precipitate was subsequently collected using a magnet,
washed three times with ethanol and DI water, and dried under vacuum at 50 °C for 6 hours.
Synthesis of Fe3zQ4@TiO2 nanocomposites

Fe304@Ti02 nanocomposites were prepared by a hydrothermal method. A specified
quantity of Fe3O4 (as listed in Table 1) was dispersed in 100 mL of isopropanol that contained
426 mg of TBOT through sonication for 30 min. Next, 20 mL of DI water was added, and the
resulting mixture was placed in a 50 mL Teflon-lined autoclave and allowed to react at 180 °C

for 12 hours. Once the mixture cooled to room temperature, the precipitate was separated using



a magnet and then washed three times with ethanol and deionized water. It was then dried at
50°C for six hours.
Synthesis of Fe304@TiO2/Ag nanocomposites

Fe304@Ti02/Ag nanocomposites were synthesized via sonicating varying volumes of
AgNOs solution (Table 1) with the Fe3O4@TiO2 nanocomposite. Specifically, Fe;O4@TiO>
was suspended in 50 mL of deionized water and 10 mL of ethanol, and then subjected to
sonication for 2 hours. The resulting product was then filtered, thoroughly washed, and dried at
50°C for 6 h. A schematic illustration of the synthesis process is presented in Fig. 1.

Table 1 Composition details for the synthesis of Fe;04@TiO./Ag nanocomposites with varying Fe;O4

and Ag ratios.

Ratio TiO; (mg)  Fes04 (mg) Ag (mg) 0.005 M AgNOs (mL)
60% Fe304+ 5% Ag 100 60 5 9.3
70% FesO4+ 3% Ag 100 70 3 5.6
70% FesO4+ 7% Ag 100 70 7 13.0
100% Fe;04 + 2% Ag 100 100 2 3.7
100% Fe;04 + 5% Ag 100 100 5 9.3
100% Fe;04 + 8% Ag 100 100 8 14.8
130% Fe304 + 3% Ag 100 130 3 5.6
130% Fe;04 + 7% Ag 100 130 7 13.0
140% Fe;04 + 5% Ag 100 140 5 9.3
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Fe;O, Fe,O0,@TiO, Fe;0,@TiO,/Ag

Fig. 1. Schematic representation of the synthesis process for Fe;04@TiO2/Ag.



Characterization

The morphology of the prepared samples was observed using scanning electron
microscopy (SEM, S-4800, Japan). The crystal structure was characterized by X-ray diffraction
(XRD) using a Bruker D8 Advance diffractometer (German) with Cu Ka radiation. The optical
properties were examined through UV-Vis diffuse reflectance spectroscopy (DRS, HITACHI
U-3900H, Japan) and photoluminescence spectroscopy (PL, Hitachi F7000, Japan) with
excitation at 325 nm. Images of the polyethylene are taken using a digital microscope (ZY -
HDMI200M, China) and analyzed using ImageJ software for observe particle size distribution.
The chemical composition of the degraded polyethylene was analyzed using Fourier transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS50, USA).
Photocatalytic degradation experiments

The effectiveness of the synthesized materials in photocatalysis was assessed by
evaluating their performance in the degradation of PE microplastics within a custom-designed
photoreactor. The system employed a 300 W xenon lamp (full spectrum) to simulate sunlight
conditions and a mechanical stirrer to ensure uniform dispersion of both the photocatalyst and
the PE microplastics in the solution. In each experiment, 50 mg of the photocatalyst and 10 mg
of PE microplastics were dispersed in 100 mL of DI water, followed by continuous stirring and
light irradiation for 3 h. After the reaction, the photocatalysts were separated from the mixture:
Fe;04@Ti02 and Fe;04@Ti0O2/Ag were magnetically retrieved, while non-magnetic TiO2 is
separated using centrifugation. The remaining suspension was then vacuum-filtered, and the
collected PE particles underwent further analysis. The degradation efficiency (n) was

determined using the following equation:

n=(1-2£)x 100% (1)

Ai
where A; represents the initial average area, and Af represents the final average area of the PE

microplastics particles.



To investigate the main active oxygen species, quenching experiments are tested by
adding 10 mM of p-BQ, MeOH, and TBA to evaluate the contributions of *O,", *OH, and h* in
the degradation process.

Electrochemical measurements

Electrochemical measurements were performed on CHI760 electrochemical
workstation (CH Instruments, China) with a standard three-electrode system with as-prepared
sample, Pt electrode, and SCE electrode as working electrode, counter electrode, and
reference electrode, respectively. The preparation method of working electrode was as
follows: 2 mg samples, 995 pL ethanol and 5 pLL Nafion are ultrasonically mixed for 30 min
to prepare slurry. Then the slurry of 50 uLL was dropped on the indium tin oxide (ITO) glass,
and dried at room temperature. Using 0.5 M of sodium sulfate (Na;SOj4) solution as
electrolyte. Electrochemical impedance spectroscopy (EIS) was performed under 10° Hz to

1072 Hz with 5 mV amplitude under the open-circuit potential (OCP).

Experimental design and response surface methodology

The composition of the photocatalyst was optimized using Response Surface Methodology
(RSM) to identify the optimal conditions for maximum photocatalytic degradation efficiency.
A Central Composite Design (CCD) was employed to evaluate both the linear and quadratic
effects of two key independent variables, Fe3O04 (A, wt%) and Ag (B, wt%), on PE microplastic
degradation. Each variable was assessed at five different levels (—a, —1, 0, +1, +a). The
experimental design was conducted using the Design Expert software, with Fe3O4 levels
ranging from 60 to 140 wt% and Ag levels ranging from 2 to 8 wt%, as summarized in Table

2.



Table 2 Experimental ranges and levels of independent variables for polyethylene

degradation. a = 1.414 (axial point for CCD for two factors), with the actual values rounded

Independent variable Range and level
weight percentage —a -1 0 +1 +a
Fe;04 (A, wt%) 60 70 100 130 140
Ag (B, wt%) 2 3 5 7 8

Results and discussion
Characterization of nanocomposites

The morphology of the composites was characterized using scanning electron microscopy
(SEM). As shown in Fig. 2, the samples exhibit predominantly monodispersed, quasi-spherical
particles that tend to aggregate, likely due to magnetic interactions and surface energy
minimization®!!. The average particle sizes increase from 18.58 nm for Fe;O4 nanoparticles to
23.24 nm after TiO; coating, and further to 24.50 nm following Ag deposition. These

progressive size increments confirm the successful formation of the TiO: shell and subsequent

Ag deposition on the Fe;O4 core.
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Fig. 2. SEM images and particle size distributions of Fe3O4 (a, d), Fe304@TiO> (b, ), and

Fe3:04@Ti02/Ag (c, 1).



The X-ray diffraction (XRD) patterns of Fe3Os, Fe;04@TiO2, and Fe;04@TiO2/Ag are
shown in Fig. 3, revealing distinct diffraction peaks that confirm the high crystallinity of the
composites. In the Fe3sO4 sample, characteristic peaks at 26 values of 30.2°, 35.6°, 37.2°, 43.2°,
47.3°,53.6°,57.2°, and 62.8°can be indexed to the (220), (311), (222), (400), (422), (511), and
(440) crystal planes of the cubic magnetite phase (PDF#97-015-8743). The XRD pattern for
the Fe3O4@Ti0O2 composite displays additional diffraction peaks at 26 values of 25.2°, 37.8°,
47.9°, 53.8°, 55.0°, and 62.5°, which correspond to the (101), (004), (200), (105), (211), and
(204) planes of the tetragonal anatase phase of TiOz (PDF#99-000-0105). These anatase-
specific peaks confirm the successful coating of the TiO» shell on the Fe;O4 corel?2l.
Furthermore, the XRD patterns of the Fe3;04@TiO2/Ag composite reveals two additional
diffraction peaks at 26 values of 38.1° and 64.4°. These peaks are attributed to the (111) and
(220) planes of the cubic phase of Ag (PDF#97-060-4632), thereby verifying the successful

deposition of Ag onto the Fe;04@TiO: core/shell nanocompositel**.
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Fig. 3. XRD patterns of Fe304, Fe304@TiO2, and Fe;04@Ti0O2/Ag samples.

The optical properties of the synthesized photocatalysts were examined by UV-vis DRS.
As shown in Fig. 4a, pure TiO> exhibits strong absorption edge below 400 nm, corresponding
to the UV light range. In comparison, Fe3;O4@TiO2 shows an enhanced absorption in visible

light region, while the Fe;O04@Ti02/Ag shows even higher absorption across the entire visible



spectrum. The band gap (E;) of the photocatalyst was estimated using Tauc plots based on the
Kubelka-Munk function, as described by the equation:
ahv = A (hv — Eg)'" (2)

where a, h, A, and E, represent the absorption coefficient, Planck’s constant, the frequency of
incident light, a constant, and the band gap energy, respectively>*. For anatase TiO», the value
of n is set to 2, reflecting its indirect band gap nature. The E; was determined by extrapolating
the linear segment of the Tauc plot to the y-axis intercept at zero. As shown in Fig. 4b, the
estimated E; for TiO2, Fe304@TiO2 and FesO4@TiO2/Ag is 3.29 eV, 3.05 eV, and 2.40 eV,
respectively. Notably, under light irradiation, when the free electrons on the Ag surface oscillate
collectively at the same frequency as the incident light, a phenomenon referred to as surface
plasmon resonance, an intense localized electric field is generated. This field facilitates the
generation and separation of charge carriers, thereby lowering the energy needed for electron
excitation from the VB to CB. Additionally, SPR-induced photon scattering increases the
optical path length of incident photons, further improving light utilization®*!. These results
indicate that the incorporation of Fe;O4 and Ag not only narrows the band gap of TiO- but also

extends its light absorption capabilities into the lower energy region.

a Fe,0,@TiO,/Ag b
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Fig. 4. (a) UV-vis DRS and (b) Tauc plots of Fe;04, Fe304@TiO2, and Fe;04@Ti02/Ag

samples.



Photoluminescence (PL) spectroscopy captures light emitted by a material as electrons fall
from the excited state to the ground state upon irradiation by a laser beam. PL spectra provide
valuable insight into the electron-hole recombination dynamics of a material because, as
recombination happens, the input energy is dissipated as emitted light®®!. Therefore, a high PL
intensity indicates a high electron-hole recombination rate. As shown in Fig. 5, pure TiO>
exhibits the highest PL intensity, with a strong peak around 400 nm and 500 nm, suggesting a
rapid electron-hole recombination process. Upon incorporation of Fe3;Os into TiO2, an
observable drop in the PL intensity is observed, which can be ascribed to the formation of a p-
n heterojunction: TiO2, an n-type semiconductor rich in electrons, is interfaced with Fe3Oa, a
p-type semiconductor with an abundance of holes. At their interface, electrons diffuse from the
conduction band of TiO> into that of Fe3O4, while holes move in the opposite direction, thereby
forming an internal electric field that effectively facilitates charge separation and prolongs the
lifetimes of the charge carrier!?”]. Furthermore, the Fe;04@TiO2/Ag nanocomposite exhibits
the lowest PL intensity among the samples, indicating the most effective suppression of
electron-hole recombination. This improvement can be attributed to the Schottky barrier created
at the Ag-TiO2 interface. As metal and semiconductor, Ag and TiO2, respectively, have
different Fermi levels. To achieve thermodynamic equilibrium, electrons flow from TiO2
(higher Fermi level) to Ag (lower Fermi level). This electron movement aligns their Fermi
levels and creates a layer of positive charges embedded in the TiO2’s crystal lattice, which
generate an electric field directed from the TiO2 to the Ag, thus creating a potential barrier that
impede low-energy electrons from returning to the TiO2, effectively separating the electrons

and holes!®!,

10
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Fig. 5. PL spectra of obtained samples.

Photocatalytic performance

The photocatalytic degradation efficiency of PE microplastics was tested under simulated
solar irradiation. As shown in Fig. 6a, pure TiO> showed only a 1.152% degradation rate,
suggesting limited photocatalytic activity, likely due to poor light absorption and electron-hole
recombination. In contrast, the Fe3;O4@TiO> demonstrated a notable improvement, with a
degradation rate of 12.63%, indicating enhanced photocatalytic efficiency, potentially due to
improved charge separation at the p-n heterojunction interface. The highest degradation rate
was observed with the Fe;O4@Ti02/Ag, achieving a 15.54% degradation rate. Incorporating
Ag nanoparticles likely further improved electron-hole separation through the Schottky barrier
and extended light absorption to the visible spectrum by SPR, improving the photocatalytic
activity. While this 15.54% degradation efficiency appears low compared to reported values for
other organic pollutants like dyes (>90%), this discrepancy primarily reflects the inherent
recalcitrance of polyethylene (PE) microplastics rather than a lack of photocatalytic
performance. PE consists of a long chain of ethylene with strong, nonpolar C-C and C-H bonds
and no functional groups, making it chemically inert and highly hydrophobic. These
characteristics hinder interaction with ROS and limit surface adsorption, hence impeding

photocatalytic degradation. In contrast, dyes such as methylene blue and Congo red often

11



contain aromatic rings that are more susceptible to ROS attack. Congo red additionally contains
azo bonds (-N=N-) that serve as reactive sites for ROS. Moreover, dyes have chromophores
that absorb light directly and tend to adsorb readily onto catalyst surfaces via electrostatic or m—
7 interactions, facilitating degradation!?®,

Despite PE’s resistance to photocatalytic breakdown, our degradation efficiency is
comparable to, or exceeds, previously reported values for polyethylene and similar polymers
under similar conditions, as summarized in Table 3. Our catalyst achieved superior degradation
efficiency within a shorter timeframe compared to most studies targeting microplastics,
including those focused specifically on PE.

It is also critical to assess the reusability of photocatalysts as this is an important factor to
consider for real-world applications. In Fig. 6b, a minimum reduction in degradation rate is
observed over five consecutive trails, suggesting that the Fe304@TiO2/Ag nanocomposite can
maintain its structure integrity and catalytic activity over repeated use. The high stability
demonstrates that Fe304@Ti102/Ag could serve as an economical and sustainable photocatalyst

for long-term plastic degradation in water.
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Fig. 6. (a) PE microplastics degradation efficiency with TiO2, Fe304@TiO, and
Fe304@TiO2/Ag. Error bars are standard error values of three tests (n = 2); (b) Degradation
efficiency of Fe3;04@Ti02/Ag photocatalyst for PE microplastics degradation over five

recycling
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Table 3. Overview of photocatalytic MP degradation.

Photocatalyst MP type Light source Degradation efficiency/time Ref
ZnO NRs PP visible 65% / two weeks [29]
TiO2 PP visible 50.5% / 50h [30]
N-Ti02 PE visible 4.65% / 50h [31]
TiOx/ZnO PE uv 50% / 168h [32]
Ag>O/Fe-MOF PE UV-Vis 15.8% / 8h [33]
Bi4Ti3012 PE UV-Vis-IR 38.27% / 6h [34]
a-Fex03/g-C3Ny PS visible 7.81% / 30 days [35]
BiOI-Fe304 PS visible 64% / 120h [36]
ZIF-67/g-C3N4 PET UV-Vis 60.63% / 6h [37]
Bi203@N-TiO2 PET UV-Vis-IR 10.23% / 48h [38]
This study PE UV-Vis-IR 15.54% / 3h

The surface chemical changes in PE microplastics after degradation were analyzed by
FTIR spectra. Fig. 7 compares the FTIR spectra of PE before and after photocatalytic
degradation. The photodegraded PE microplastics exhibit a noticeable decrease in the intensity
of characteristic peaks, suggesting that the PE polymer chains have been broken into shorter
fragments. A new peak at 1710 cm™! appeared after degradation, corresponding to the carbonyl
(C=0) stretching vibrations, suggesting the formation of carbonyl compounds such as ketones,

39]

aldehydes, and carboxylic acids®”), which are key degradation products formed during

oxidative degradation of microplastics.
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Fig. 7. FTIR spectra of PE, PE degraded with Fe3O04@TiO2 and Fe3O4@TiO2/Ag.

Investigation of reaction mechanisms

To evaluate the efficiency of charge carrier separation in the catalysts, transient
photocurrent measurements and were conducted. As shown in Fig. 8a, all samples exhibited
stable and repeatable photocurrent responses under periodic visible-light illumination,
indicating effective and sustained charge separation. In Fe3O4@TiO,, the formation of
heterojunctions facilitates the spatial separation of electrons and holes, resulting in an increased
photocurrent response, which is 3.1 times higher than that of pure TiO>. Among the tested
samples, the Fe;04@TiO2/Ag exhibited the highest photocurrent density of 3.654 pA-cm2,
which is 4.6 and 1.5 times higher than that of Fe3;O4@TiO2 and TiO;. Similarly, in the EIS
Nyquist plots, the Fe;O4@Ti02/Ag exhibits the smallest semicircle diameter, indicating the
lowest charge transfer resistance and suggesting more efficient separation of photogenerated
charge carriers. Effective separation of electron—hole pairs is crucial for enhancing

(401 Moreover, the formation of heterojunctions and the

photocatalytic performance
incorporation of Ag nanoparticles significantly improve the charge transport kinetics of

Fe;04@Ti02/Ag, effectively suppressing electron—hole recombination and

14
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Fig. 8. (a) Transient photocurrent responses of TiO2, Fe304@Ti02, and Fe;O4@Ti02/Ag. (b)

The EIS Nyquist plots of TiO2, Fes04@TiOz, and Fe;04@TiO2/Ag.

To elucidate the -catalytic degradation mechanism of PE microplastics by the
Fe;04@Ti02/Ag, specific scavengers were employed to identify the reactive species involved:
p-BQ for *O,~, MeOH for h*, and TBA for *OH*!. These scavengers enabled the identification
of the predominant reactive species involved in the photocatalytic process. As shown in Fig. 9,
the addition of each scavenger significantly suppressed the degradation efficiency of PE
microplastics compared to the control, indicating that *O,~, h*, and *OH are the primary reactive

species responsible for the photocatalytic decomposition of PE microplastics by the composite.
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Fig. 9. (a) Transient photocurrent responses of FesO4@Ti02/Ag.
Fig. 10 illustrates the photocatalytic degradation mechanism of PE microplastics by the

catalyst. Under visible light irradiation, TiO2, Fe3O4, and Ag are photoactivated to initiate the
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degradation process. Upon excitation, electrons transition from the valence band (VB) to the
conduction band (CB) in TiO; and Fe3Os, creating holes in the valence band. These
photogenerated holes can directly oxidize PE microplastics in water. Additionally, the holes
can oxidize water molecules to generate hydroxyl radicals (*OH), which further contribute to
the degradation of PE through strong oxidative activity. Meanwhile, the electrons in the CB
reduce dissolved oxygen to superoxide radicals (*O2"), which also participate in the oxidative

degradation of PE microplastics.

~Ag ) PE microplastics
® @

‘057 | degradation
‘OH

Fig. 10. Mechanism of photocatalytic degradation PE microplastics over Fe;O4@TiO2/Ag.

Optimization with response surface methodology

Response surface methodology (RSM) was employed to optimize the photocatalytic
performance. A two-factor, five-level Central Composite Design (CCD) was used, with thirteen
experiments conducted, yielding a quadratic model with high statistical significance (p <0.0001)
(Table 4). Based on the experimental design and obtained responses, linear, two-factor
interaction (2FI), quadratic, and cubic models are fitted and evaluated, whose summary is
shown in Table 5. The quadratic model is identified as the most suitable and representative of

the data, as suggested by the highly significant p-value (p < 0.0001) and strong correlation, R?,

16



between the model and the experimental data. The relationship can be mathematically

represented as follows:
N =15.84254 + 0.223831A + 6.63873B — 0.003188AB — 0.000573A% — 3)
0.675653B*
where n, A, and B represents the degradation efficiency, Fe3Os wt%, and Ag wt%. This
equation, expressed in terms of actual factors, can be utilized to forecast the response based on

specific levels of each factor, thereby identifying the optimal outcome.

Table 4 Two factors five levels CCD design and experimental result

Run Fe304 wt% Ag wt% Degradation %
1 -1 -1 9.893
2 1 -1 16.93
3 -1 1 8.179
4 1 1 14.463
5 —a 0 11.242
6 +a 0 17.682
7 0 —a 11.052
8 0 +a 9.126
9 0 0 15.411
10 0 0 15.809
11 0 0 14.823
12 0 0 15.913
13 0 0 15.742

Table 5 Fit summary of models

Sequential Lack of Fit

Model Adjusted R>  Predicted R?
p-value p-value
Linear 0.0168 0.0012 0.4702 0.1965
2F1 0.8815 0.0009 0.4128 0.009
Quadratic <0.0001 0.0977 0.9543 0.8458 Suggested
Cubic 0.0292 0.7862 0.9844 0.9815 Aliased
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In Table 6, the ANOVA results reveal that the overall model is statistically significant (p-
value < 0.0001), meaning it effectively models the variability in the response. Among the
factors, Fe3O4 has the strongest influence, supported by its high F-value (134.03) and low p-
value (p < 0.0001), showing that changes in Fe3O4 concentration have a substantial impact on
the degradation. Ag is also a significant factor (p-value = 0.0092), though its effect is smaller
than Fe;Os. The quadratic term for Ag (B?) is highly significant (p < 0.0001), indicating a
nonlinear relationship between Ag concentration and the degradation rate. In contrast, the
quadratic term for Fe3O4 (A?) is not significant (p-value = 0.0872), suggesting its effect is
primarily linear. The interaction between Fe3O4 and Ag (AB) is insignificant (p-value = 0.5996),
meaning these factors influence the response independently. Additionally, the model fits the
data well, as the lack of fit is insignificant (p-value = 0.0977).

Table 6 Analysis for variance (ANOVA) results of fitted model

Source  Sum of Squares df Mean Square F-value  p-value

Model 119.98 5 34 51.15  <0.0001 significant
A-Fe30q4 62.88 1 62.88 134.03 <0.0001
B-Ag 5.96 1 5.96 12.70 0.0092
AB 0.1418 1 0.1418 0.3021 0.5996
A? 1.85 1 1.853 3.95 0.0872
B? 50.81 1 50.81 108.3  <0.0001
Residual 3.28 7 0.4692
Lack of Fit 2.50 3 0.8337 4.26 0.0977 not significant
Pure Error 0.7830 4 0.1958
Cor Total 123.27 12
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Fig. 11. (a) Curve of actual vs. predicted values and (b) 3D response surface plot.

Fig. 11a compares the actual and predicted values of the degradation rate by the model.

The actual values are generally clustered close to the diagonal line (y = x), suggesting that the

model predictions are reasonably close to the actual value. Fig. 11b shows the interaction

between Fe;O4 wt% and Ag wt%. When Ag wt% increased, the degradation rate initially

increases and then decreases. This behaviour could be a result of excessive Ag loading that
promotes electron-hole recombination, blocks active sites, and hinders charge carriers
migration!*?), In comparison, the degradation rate consistently increases as Fe3O4 wt% increases,
which is consistent with the ANOVA result. The magnitude of change in the response surface
is larger on the Fe3O4 side than on the Ag side, suggesting that Fe3sO4 has a greater influence on
the degradation rate. The optimal FesOs and Ag weight percentages, calculated from the

regression model in Eq. 3 are 130% and 4.623%, respectively, with a predicted maximum

degradation rate of 17.941%.

Conclusion

In this study, we developed and optimized the Fe3O4@TiO2/Ag photocatalyst for effective
polyethylene microplastic degradation. The results suggested that FesO4 and Ag effectively
enhanced the photocatalytic activity of TiO2 by reducing band gap energy, promoting charge
carrier separation, and increasing the light absorption into the visible light range, which could

be attributed to the p-n heterojunction at the Fe;O04@TiO: interface, Schottky barrier at the
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TiO2/Ag interface, and surface plasmon resonance effect of Ag nanoparticles. Under 3 h of
simulated solar irradiation, Fe;O4@TiO2/Ag achieved an excellent 15.54% degradation of
polyethylene microplastics. Its magnetic properties also allowed easy separation after each
degradation, and the nanocomposite showed minimal reduction in efficiency after five reuses.
In addition, the weight percentages of Fe3O4 and Ag were optimized using response surface
methodology (RSM) to maximize the degradation efficiency to 17.941%. In short, the
Fe304@Ti0O2/Ag nanocomposite demonstrated great potential in industrial photocatalytic

applications in microplastic degradation.
Future perspectives

Despite rapid advancements in the photocatalytic degradation of microplastics, there
remain several research gaps that require further attention. Future work in catalyst design should
focus on enhancing light absorption, reducing band gap energy, and facilitating efficient charge
carrier separation to maximize photocatalytic efficiency. Cost-effectiveness, stability, and
retrievability must also be taken into account to guarantee the scalability and practicality of
these catalysts for industrial applications. Theoretical modeling and calculation like density
functional theory (DFT) and machine learning models can be used to help predict properties
and select the desired catalyst. It is also essential to understand the fundamental mechanisms of
photocatalytic degradation at the subatomic level, as it can offer valuable insights for rational
design of more effective catalysts. Furthermore, future research should focus on understanding
the microplastics degradation pathways, identify intermediate byproducts, and evaluate their
ecological implications for safety and sustainability considerations. Researching how the
degradation products can be recycled to produce value-added fuels, chemicals, and materials is

another promising area of study.
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