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ABSTRACT

Photocatalysis is a promising technology for the removal of microplastics from aquatic environments. A current research focus lies in devel-
oping photocatalytic materials capable of efficiently degrading microplastics under visible or ultraviolet (UV) light irradiation. In this study, a
TiO,@Ui0-66 heterostructured nanocomposite was synthesized and employed for the photocatalytic degradation of polystyrene (PS) micro-
plastics under UV illumination at room temperature. The synthesized materials were characterized by XRD, SEM, UV-Vis/DRS, PL
spectroscopy, XPS, and EDX mapping. The TiO,@UiO-66 composite exhibited significantly higher photocatalytic activity toward PS micro-
plastic degradation compared with pristine TiO, and UiO-66 under UV light irradiation. Approximately 63% of PS microplastics (150 ppm)
were degraded after 30 h of irradiation at an intensity of 4 mw-cm~2 under natural pH conditions. The analysis of total organic carbon indi-
cated a decline in the removal efficiency of PS microplastics with increasing concentration. Liquid chromatography-mass spectrometry and
Fourier transform infrared analyses revealed the formation of soluble organic intermediates such as aldehydes and carboxylic acids during
the degradation process. These results demonstrate that the TiO,@UiO-66 photocatalyst is a promising material for the removal of PS micro-
plastics in aqueous environments, where the *OH, 05 ~ play a dominant role in the degradation mechanism.

Key words: degradation, photocatalyst, polystyrene microplastics, TiO,@UiO-66, UV

HIGHLIGHTS

® The TiO,@Ui0-66 composite photocatalyst was synthesized through a simple hydrothermal process using waste PET as a precursor.
® The reactive radical species (¢OH) and (¢05) played a dominant role in the photocatalytic degradation of polystyrene microplastics.
® |ntermediate products, including aldehydes and carboxylic acids, were formed during the photocatalytic degradation of PSMPs.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
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1. INTRODUCTION

Currently, more than 300 million tons of plastics are produced annually, and it is estimated that approximately 13 million
tons are discharged into rivers and oceans each year (Li ef al. 2024). Microplastics (MPs) are generated through the fragmen-
tation of larger plastic debris as a result of physical, chemical, and biological processes in the environment (Galgani et al.
2013; Law 2017; Gonzalez-Pleiter ef al. 2019). These particles infiltrate marine and freshwater systems, becoming a
major environmental concern. Microplastics are now recognized as contaminants of emerging concern (CECs) due to
their adverse impacts on ecosystems and human health, primarily through the alteration of ecosystem quality and disruption
of food chains (Schirinzi ef al. 2017; Kogel et al. 2020). However, research on strategies for mitigating, remediating, or
removing microplastics from aquatic environments remains in its infancy and has only gained significant attention within
the past five years (Karimi Estahbanati ef al. 2021).

Several physicochemical methods have been investigated for the removal of microplastics from water. For instance, coagu-
lation/flocculation and electrocoagulation processes have been employed; however, they often generate large quantities of
sludge containing high plastic content (Padervand et al. 2020). In addition, biological approaches, such as membrane bio-
reactor systems, rely heavily on the type of microorganisms and soil conditions, requiring strict operational and maintenance
conditions (Amjad et al. 2023). Following the development of advanced oxidation processes (AOPs), which are considered
highly promising technologies for the degradation of dissolved pollutants in water, their application to the complete removal
of microplastics has emerged as a new and rapidly growing research field. Among these approaches, photocatalytic degra-
dation of polymers using semiconductor photocatalysts has been identified as one of the most promising methods. These
photocatalysts can efficiently harness light energy from mercury lamps, ultraviolet irradiation, halogen lamps, visible
light, and solar radiation to degrade polymeric materials. Notably, solar light is an abundant and sustainable energy
source that contains approximately 3-5% UV, 47% visible, and infrared radiation (Bora & Mewada 2017).

According to the photocatalytic mechanism, the catalyst absorbs photon energy and generates photo-induced electron-
hole pairs, which subsequently produce various reactive oxygen species (ROS) such as superoxide radicals (O5 ), hydroxyl
radicals (OH), and hydroperoxyl radicals (OOH). These ROS species interact with surrounding media, thereby initiating
and accelerating oxidative degradation of polymer chains (Tofa et al. 2019a, 2019b). A wide range of nanostructured photo-
catalysts - including titanium dioxide (TiO,), zinc oxide (ZnO), tin oxide (SnO,), iron oxides (Fe,O3/Fe;0,), and tungsten
oxide (WOs)—have been widely investigated due to their strong light sensitivity in both the UV and visible regions (Tofa ef al.
2019a, 2019b). Among them, TiO, nanoparticles are particularly noteworthy for their ability to absorb a broad portion of the
solar spectrum, including visible light, making them one of the most effective photocatalysts for environmental remediation
(Jianhua ef al. 2022; Danilo & Ana 2025; Xueqin et al. 2025).

Pioneering studies have been conducted on the heterogeneous photocatalytic degradation and mineralization of micro-
plastics such as high-density polyethylene (HDPE) and low-density polyethylene (LDPE) in aqueous environments.
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Specifically, a green C,N-doped TiO, photocatalyst immobilized on cellulose nanofibers (CNF) has been investigated for the
removal of polyethylene (PE) microplastics (Ariza-Tarazona et al. 2019). Similarly, ZnO nanoparticles under natural sun-
light have been reported to effectively reduce polyethylene microplastics in wastewater (Raji & Gopchandran 2019;
Jeyaraj & Baskaralingam 2023; Montenegro et al. 2025). In addition, the photocatalytic degradation of polystyrene and
poly(methyl methacrylate) (PMMA) nanoparticles has been achieved using TiO,-P25/4-SiC foam composites under UV-
A irradiation (All€ ef al. 2021; Dominguez-Jaimes et al. 2021). Moreover, the degradation of nylon-6 microfibers was demon-
strated using a (Cu/Fe)-derived CuO/TiO, photocatalyst (Rodriguez-Olivares et al. 2025), while polyethylene terephthalate
(PET) nanoplastics were effectively decomposed by a TiO,/MIL-100(Fe) composite photocatalyst (Rojas-Guerrero et al.
2023). Recently, a green semiconductor-based N-TiO, mesoporous photocatalyst derived from protein achieved a 6.4%
mass reduction of HDPE microplastics after 18 h of visible-light irradiation (Ariza-Tarazona et al. 2019). Similarly, solid-
phase photocatalytic degradation of polystyrene using TiO, photocatalysts under UV radiation in air has been reported
(Shang et al. 2003), and TiO,/Fe(St); composites demonstrated a mass loss of up to 79.49% for composite films after
480 h of UV exposure (Fa et al. 2012). However, TiO, can only be activated by UV light due to its wide band gap (E, =
3.2 eV), which significantly limits its photocatalytic performance under visible-light conditions (Ariza-Tarazona et al.
2020). In contrast, metal-organic frameworks (MOFs)—well known for their highly porous structures and large specific sur-
face areas (100-2,000 m>g~")—offer new opportunities for improving photocatalytic activity. The integration of TiO, with
MOFs can introduce metal coordination centers that enhance light absorption, promote photoinduced charge separation,
or serve as electron-trapping sites within the semiconductor matrix, thereby improving overall photocatalytic efficiency.

In this study, the TiO,@UiO-66 composite photocatalyst was synthesized for the removal of microplastics from waste-
water. The obtained photocatalyst was characterized using various physicochemical techniques, and its photocatalytic
performance toward the degradation of polystyrene microplastics under UV irradiation in aqueous media. Furthermore,
analytical techniques including FT-IR, UV-Vis spectroscopy, and LC/MS were employed to investigate the degradation
mechanism and transformation pathways of polystyrene microplastics.

2. EXPERIMENTAL

2.1. Materials

Terephthalic acid (99.5%) was recovered from waste PET (Doan et al. 2021); titanium(IV) isopropoxide (TTIP, 97%, Sigma-
Aldrich); glacial acetic acid (99%, Sigma-Aldrich); ethanol (99.5%, Acros); zirconium(IV) chloride (99.5%); N,N-dimethyl-
formamide (DMF, 99.8%, Sigma-Aldrich); hydrochloric acid (HCIl, 37%, Sigma-Aldrich); and polystyrene microplastic
suspension (5% w/v in water, Sigma-Aldrich) were used as received without further purification.

2.2. Synthesis of TiO,@Ui0-66 composite photocatalyst

2.2.1. Synthesis of UiO-66

To synthesize UiO-66, ZrOCl,-8H,0 (1.05 g, 3.16 mmol) was dissolved in a mixture of glacial acetic acid (4 mL) and DMF
(45 mL) under ultrasonic treatment to obtain a clear solution. Subsequently, terephthalic acid (0.997 g, 6 mmol) was dis-
persed in DMF (20 mL) and added to the above solution. The mixture was stirred for 24 h at room temperature, then
transferred into a Teflon-lined stainless-steel autoclave and heated at 120 °C for 36 h. The resulting solid was collected by
centrifugation, washed several times with DMF and ethanol at 70 °C, and dried under vacuum at 120 °C overnight.

2.2.2. Synthesis of TiO,

Titanium dioxide (TiO,) was synthesized via the sol-gel method. In a typical procedure, TTIP (20 mL) was dissolved in etha-
nol (32 mL) under continuous stirring to form a homogeneous solution. A second solution containing distilled water (8 mL),
ethanol (32 mL), and glacial acetic acid (16 mL), corresponding to a molar ratio of H,O : C,Hs0H : CH;COOH =1:4:2
was slowly added dropwise to the TTIP solution under constant stirring. The resulting mixture was stirred for 24 h at room
temperature to form a gel, which was then dried at 100 °C for 12 h to obtain TiO, powder.

2.2.3. Synthesis of TiO,@UiO-66

To synthesize the TiO,@UiO-66 composite, 500 mg of UiO-66 was suspended in 50 mL of ethanol, followed by the addition
of 10 mL of titanium(IV) isopropoxide under stirring for 1 h. Subsequently, a mixture of 25 mL ethanol and 10 mL HCI was
added dropwise, and the suspension was stirred for an additional 3 h at room temperature. The mixture was then transferred
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into an autoclave and heated at 120 °C for 24 h. The obtained solid was collected by centrifugation, dried at 100 °C over-
night, and calcined in air at 350 °C for 2 h to yield the TiO,@UiO-66 composite material.

2.3. Photocatalytic degradation of polystyrene microplastics

Batch photocatalytic degradation experiments were conducted under atmospheric pressure at room temperature (30 °C) and
natural pH. Reactions were carried out in a 50 mL suspension containing a defined concentration of PS microplastics
and 50 mg of photocatalyst under continuous stirring (600 rpm). Prior to irradiation, the mixture was stirred in the dark
for 30 min to achieve adsorption-desorption equilibrium. The suspension was then irradiated with a 30 W UV lamp (4 =
365 nm) positioned at a distance of 10 cm, corresponding to an intensity of approximately 4 mW x cm~2.

After illumination, samples were centrifuged to separate the catalyst powder from the aqueous phase. The supernatant was
analyzed by UV-Vis spectroscopy at Amax = 261 nm, while the dried photocatalyst was characterized by FT-IR and SEM
after drying at 100 °C. The total organic carbon content of the filtrate (filtered through a 0.45 ym Phenex RC syringe
filter) was measured using a TOC analyzer (TOC-VCSH, Shimadzu, Japan). The intermediate degradation products of poly-
styrene were identified using liquid chromatography-mass spectrometry (LC/MS, Waters XEVO TQ-XS).

Radical-trapping experiments were conducted to identify the reactive species involved in the photocatalytic degradation of
PSMPs. In each batch experiment, 50 mg of TiO,@UiO-66 was added to 50 mL of a PSMPs suspension (150 ppm). Sub-
sequently, tert-butyl alcohol (TBA, 5 mM), p-benzoquinone (BQ, 5 mM), and formic acid (FA, 5 mM) were introduced as
scavengers to selectively quench hydroxyl radicals (OH), superoxide radicals (O;7), and photogenerated holes (h*),
respectively.

2.4. Characterization

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance diffractometer with Cu Ka radiation (4=
0.15406 nm) in the 20 range of 5-50°. Elemental composition and distribution were analyzed using energy-dispersive
X-ray spectroscopy and mapping (JEOL JED-2300). Surface morphology was examined by scanning electron microscopy
(SEM, HITACHI S-4800-3000F). Fourier-transform infrared spectra were recorded on a Jasco FI/IR-4700 spectrometer
using KBr pellets. UV-Vis diffuse reflectance (UV-2600, Shimadzu) and photoluminescence (PL, Cary Eclipse) spectra
were used to evaluate optical properties. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a
Thermo VG Multilab 2000 system to analyze surface elemental states.

3. RESULTS AND DISCUSSION
3.1. Structural characterization of the materials

Figure 1(a) shows the XRD pattern of UiO-66, confirming the successful formation of its crystalline framework. The
characteristic diffraction peaks observed at 20=7.4°, 8.4°, 17.13°, 25.57°, and 30.76° correspond to the (111), (200),
(400), (442), and (440) crystal planes, respectively. These peaks are consistent with previously reported data for UiO-66

— UiO-66
—TiOo,
— TiO,@Ui0-66

(c)

(004)  (200) (105)

Intensity (a.u.)

2-Theta (degree)

Figure 1 | XRD patterns of UiO-66 (a), TiO, (b), and TiO,@UiO-66 composite (C).
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(Viana et al. 2019) and match well with the standard reference pattern. The diffraction peaks of UiO-66 exhibit high intensity
and sharpness, particularly the main peak at 20 = 7.4°, indicating the high crystallinity and well-defined structure of the syn-
thesized material.

Figurel(b) presents the XRD pattern of TiO, nanoparticles, showing distinct peaks characteristic of the anatase phase at
20 =25.32°37.92°, 48.08°, 54.02°, 62.62°, 68.93°, and 75.22°, which correspond to the (101), (004), (200), (105), (204), (116),
and (215) planes, respectively. These results are in good agreement with previously reported TiO, patterns (Ramasubbu et al.
2022). The strong and sharp diffraction peaks, especially the dominant one at 20 = 25.32°, indicate that the TiO, nanopar-
ticles possess high crystallinity and a well-developed anatase phase structure. The XRD pattern of the TiO,@UiO-66
composite displays the characteristic peaks of both UiO-66 and TiO,, with distinct reflections at 26 = 7.4°, 8.4°, 25.32°,
37.92°, and 48.08° corresponding to the (111), (200), (101), (004), and (200) planes, respectively. The coexistence of
these peaks confirms the successful integration of TiO, nanoparticles onto the UiO-66 framework without altering their crys-
talline structures. Based on the Debye-Scherrer equation, the estimated crystallite sizes of UiO-66, TiO,, and TiO,@UiO-66
were 6.8, 4.38, and 9.3 nm, respectively, indicating that the formation of the composite slightly increased the average crystal-
lite size due to the incorporation and intergrowth of TiO, nanoparticles within the UiO-66 matrix.

The surface morphology of UiO-66, TiO,, and TiO,@UiO-66 was characterized using scanning electron microscopy, as
shown in Figure 2. Figure 2(a) reveals that UiO-66 exhibits a relatively uniform octahedral crystalline structure with
smooth surfaces, typical of well-crystallized UiO-66 frameworks. Figure 2(b) shows that TiO, nanoparticles possess a spheri-
cal morphology with a homogeneous particle distribution. In Figure 2(c), the TiO,@UiO-66 composite displays well-
dispersed TiO, nanoparticles distributed uniformly over the surface of UiO-66, confirming the successful immobilization
of TiO, on the MOF framework without significant aggregation.

The optical properties of photocatalysts play a crucial role in determining their photocatalytic performance. Therefore,
diffuse reflectance UV-Vis spectroscopy was employed to investigate the optical characteristics of UiO-66, TiO,, and
TiO,@UiO-66, as illustrated in Figure 3(a).

500nm

Figure 2 | SEM images of Ui0-66 (a), TiO, (b), and TiO,@Ui0-66 composite (c) and (d).

Downl oaded from http://iwaponline.conm wst/article-pdf/doi/10.2166/wst.2026.288/ 1624102/ wst 2026288. pdf

bv auest



Water Science & Technology Vol 00 No 0, 6

b) 12
(a) —i0-66 ( ) — JiO-66
8 - —TiO, —Ti0,
w—Ti0, @UIO-66 10 ===TiO,@UiO-66
E: Ly 84 Eg=327 eV
8 o
5 T
£ £ 61
g 3
a2
=4
4 -
24 Eg=248 eV 3.06 eV
2
D LE Ll Ll T Ll
200 300 400 500 600 700 800 0 T T T

Wavelength (nm) 2 3 4 5 6
Energy Band (Eg)

Figure 3 | UV-Vis absorption spectra (a), and Tauc plots for determining the band gap energy (Eg) (b) of TiO,, Ui0-66, and TiO,@Ui0-66
composite.

As shown in Figure 3(a), the TiO,@UiO-66 composite exhibits a significantly enhanced light absorption ability within the
visible region. Furthermore, the band gap energy (E,) of the materials can be estimated using the Tauc equation:

ahv = A(hv — Eg)"? (1)

where E, is the band gap energy of the semiconductor, A is the absorption constant, # is Planck’s constant, « is the absorp-
tion coefficient, and v is the light frequency. The value of # equals 1 for direct band gap semiconductors and 4 for indirect
ones. The plots of (akv) versus photon energy (kv) shown in Figure 3(b) yield the estimated band gap energies of 3.06 eV,
3.27, and 2.48 eV for UiO-66, TiO,, and TiO,@UiO-66, respectively. The lower band gap value of the TiO,@UiO-66 compo-
site compared with pristine TiO, and UiO-66 indicates the formation of a heterojunction structure between TiO, and UiO-
66. This structure facilitates the excitation of electrons and the generation of photogenerated electron-hole pairs under light
irradiation, thereby significantly enhancing the photocatalytic activity (Cao et al. 2023).

Moreover, the photoluminescence spectrum of TiO,@UiO-66 displays a lower emission intensity than that of pure TiO,
and UiO-66 (Figure 4). This phenomenon may result from the formation of a Schottky barrier at the TiO,/UiO-66 interface,
which can serve as an electron reservoir within the defect structure of the composite. This behavior, confirmed by
XPS results, suggests more efficient separation of photogenerated charge carriers (Chen et al. 2007; Lim et al. 2011;

o Ui0-66
—Ti0,
—Ti0,@Ui0-66

PL intensity (a.u.)

T
400 500 600 700
Wavelength (nm)

Figure 4 | Photoluminescence spectra of TiO,, Ui0-66, and TiO,@UiO-66 composite materials.
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Pham et al. 2022). A similar enhancement of electron-hole separation has been reported in the CulnS,//MIL-101(Cr)
system, which was attributed to interfacial electron transfer across the CulnS,— MIL-101(Cr) nanoscale junction
(Nguyen et al. 2023).

The surface morphology and microstructure of the synthesized materials are illustrated in Figure 5. The EDX elemental
mapping of TiO,@UiO-66 confirms the presence of Ti, Zr, O, and C elements within the composite, further verifying the
successful synthesis of the TiO,@UiO-66 heterostructure.

As shown in Figure 6(a), the surface chemical composition and oxidation states of the elements in TiO,@UiO-66 were
further investigated using XPS. The XPS survey spectrum confirms that the composite is mainly composed of Ti, Zr, C,
and O elements, which is consistent with the EDX results and the expected composition of the TiO,@UiO-66 material.

Figure 6(b) shows the high-resolution Ti 2p spectrum, where three peaks corresponding to Ti** and Ti** species can be
observed. The characteristic peaks of Ti** 2p,,, and Ti** 2ps,, appear at 464.3 and 458.6 eV, respectively, which are in
good agreement with previous reports (Talal ef al. 2024). The additional peak at 457.1 €V is assigned to Ti>* 2ps,,, indicating

Element Weight% Atomic %
gl

Totals 100.00

0pm Electron Image 1

CKal1_2 0 Kat

ZrLat Ti Kat

Figure 5 | EDX spectrum (a), and individual elemental mapping images of the TiO,@Ui0-66 composite (b).
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the partial reduction of Ti** to Ti**, which results in the formation of oxygen vacancies within the composite semiconductor
(Petri et al. 2020; Qahtan ef al. 2024).

In the O 1 s spectrum (Figure 6(c)), the peaks located at 529.8, 531.7, and 533.4 eV correspond to Zr-O, Ti-O/C = O, and
O-H groups, respectively. Meanwhile, the two peaks at 182.8 and 185.2 eV in Figure 6(d) are attributed to Zr 3ds/, and Zr
3ds/,, confirming the presence of zirconium in UiO-66. The C 1 s spectrum of TiO,@UiO-66 (Figure 6(e)) exhibits three
peaks at 284.7, 286.4, and 288.7 eV, which are assigned to C-C, C-O, and O-C = O/C = O bonds, respectively (Valenzano
et al. 2011; Cao ef al. 2023). These results further confirm the successful synthesis of the TiO,@UiO-66 composite material.

3.2. Photocatalytic degradation of polystyrene microplastics

In this study, the photocatalytic activity of the as-prepared catalysts was evaluated through the degradation of PSMPs under
UV irradiation. As shown in Figure 7(a), the concentration of PSMPs shows only a slight decrease under UV illumination
alone, with a degradation efficiency of about 4% after 30 h, confirming that photolysis has a negligible effect. Among all cat-
alysts, TiO,@UiO-66 exhibited the highest photocatalytic efficiency, achieving 63.4% degradation of PSMPs after 30 h of
irradiation, including approximately 18.3% attributed to dark adsorption. In comparison, UiO-66 alone showed an adsorp-
tion efficiency of 16.2% in the dark, which was higher than that of pure TiO,—likely due to the large specific surface area and
high porosity of the MOF structure (Xu et al. 2021).

The increased surface area enhances the adsorption capability of TiO,@UiO-66, while the aromatic structure of PSMPs
facilitates n—n interactions with the benzene rings in UiO-66, leading to stronger adsorption (Alisha et al. 2025). Further-
more, the organic ligand (terephthalic acid) in UiO-66 can absorb visible light and transfer electrons to TiO,, enabling
visible-light photocatalytic activity. The Z-scheme charge transfer mechanism between UiO-66 and TiO, allows the recom-
bination of low-energy electrons in TiO, with holes in UiO-66, preserving high-energy electrons and strong oxidative holes,
thus enhancing the redox ability and improving PSMPs degradation efficiency.

As shown in Figure 7(b), photocatalytic degradation was conducted using 50 mg of TiO,@UiO-66 for 50 mL of PSMPs
solution at different concentrations under 30 h of continuous UV irradiation. The TOC removal reached 87.22 mg/L for
150 ppm PSMPs (initial TOC = 138 mg/L), which was higher than that obtained at higher concentrations of 200 ppm
(78.40 mg/L) and 300 ppm (66.04 mg/L). This trend can be due to the reduced light penetration and limited contact between
PS particles and the catalyst surface at higher concentrations. The dense suspension of PSMPs hinders light transmission
and blocks the catalyst surface, reducing the generation of photoinduced electron-hole (e”-h*) pairs. Additionally, the depo-
sition of PS layers or polymeric films on the catalyst surface can further lower the number of active sites and restrict the
formation of reactive oxygen species (OH, -O;), resulting in slower oxidation and reduced photocatalytic efficiency.

This study investigates the influence of catalyst dosage TiO,@UiO-66 on photocatalytic performance. As shown in
Figure 8(a), increasing the catalyst amount enhances the removal efficiency of microplastics during the dark adsorption
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Figure 7 | Control experiments: Photocatalytic degradation efficiency of PS microplastics (150 ppm) using TiO,, UiO-66, and TiO,@Ui0-66
catalysts (a); residual TOC content in the solution after photocatalytic degradation of PS microplastics at different initial concentrations using
TiO,@Ui0-66 composite (b). (Conditions: 1.0 g/L of catalyst; natural pH, room temperature, light intensity = 4 mw-cm™32).
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Figure 8 | (a) Effect of catalysts dosage TiO,@UiO-66 on photocatalytic degradation of PSMPs under 4 mw-cm™~2 of light intensity); and
(b) light intensity on the removal of PSMPs with 1.0 g-.L™" TiO,@Ui0-66 photocatalyst. (Conditions: PSMPs = 150 ppm; natural pH, room
temperature).

stage. However, during the photocatalytic reaction period (0-30 h), the degradation rate at a dosage of 1.2 g:.L. ™! increases
only slightly compared to 1.0 gL ™!, and subsequently the reaction rate slows and reaches a plateau. This behavior is
likely attributed to the higher catalyst loading hindering light penetration into the suspension or reducing the amount of
effectively accessible surface area (Wanichaya et al. 2018; Ge et al. 2022).

By varying the light intensity, the photocatalytic performance of the TiO,@UiO-66 composite under different irradiation
conditions was evaluated. As shown in Figure 8(b), when the light intensity increased to 20 mW cm™2, the microplastic
removal efficiency reached 78.3%, whereas under weak illumination (4 mW cm™2) the efficiency was only 63.4% after
30 h of UV irradiation. In general, higher light intensity provides a greater flux of incident photons per unit volume, thereby
generating more reactive species on the catalyst surface and consequently enhancing the reaction rate. However, the
removal efficiency decreases significantly - and is nearly negligible - when control experiments are conducted in the absence
of light (All€ et al. 2021; Garcia-Mufoz et al. 2022).

The surface morphology of the TiO,@UiO-66 catalyst after the photocatalytic degradation of PSMPs is shown in
Figure 9(a) and 9(b). It can be observed that several PS fibers remain adhered to the catalyst surface after 30 h of reaction,
while the rest of the catalyst surface appears relatively smooth and retains a morphology similar to that of pristine
TiO,@UiO-66 before the reaction. This indicates that the majority of PSMPs were degraded by the photocatalyst during
UV irradiation, and the degradation process would continue upon prolonging the irradiation time. Figure 9(c) presents
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Figure 9 | SEM images of the TiO,@Ui0-66 catalyst after the photocatalytic degradation of polystyrene microplastics (inset: pristine TiO,.
@Ui0-66 before reaction) (a,b), and FT-IR spectra of PS microplastics before and after photocatalytic oxidation (c).
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the FT-IR spectra of PS microplastics before and after photocatalytic oxidation. The characteristic absorption bands of pris-
tine PS were observed at 748 cm™, corresponding to the out-of-plane C-H bending vibration of the aromatic ring (Kumar
et al. 2015); 1214 cm™, associated with the C-H deformation vibration; 2,936 cm™, assigned to the alkyl (-CH,-) stretching
vibrations from the polymer backbone (Mylliri ef al. 2015), and 3,022 cm™!, attributed to the = C-H stretching of the aro-
matic ring (Chen ef al. 2001).

After photocatalytic oxidation, new absorption bands appeared at 1,147 cm™", corresponding to the C-O stretching
vibration of aryl-alkyl ether groups, and at 637 cm™?, assigned to the out-of-plane ring deformation of carbonyl (-C = O)
groups adjacent to aromatic rings (Zan et al. 2006). These results suggest the formation of new oxygen-containing functional
groups, including aryl ether (-O-R) and carbonyl (-C = O) moieties, as a result of the oxidative degradation of PSMPs. The
emergence of these oxygenated groups confirms that photocatalytic oxidation over TiO,@UiO-66 effectively breaks the poly-
mer chains and introduces oxygen functionalities onto the PS structure, indicating the progression of PS mineralization.

1

3.3. Identification of reactive oxygen species and photodegradation mechanism of PSMPs

To elucidate the photocatalytic mechanism responsible for the degradation of polystyrene microplastics, radical trapping
experiments were carried out to identify the dominant reactive oxygen species (ROS) involved in the TiO,@UiO-66-cata-
lyzed process. The generation of ROS is generally regarded as the key factor determining the efficiency of photocatalytic
degradation in aqueous systems. The experiments were performed under controlled conditions (PSMPs concentration of
150 ppm, fixed temperature and pH) using TiO,@UiO-66 as the photocatalyst. Specific scavengers were introduced to cap-
ture different reactive species: tert-butyl alcohol (TBA) for hydroxyl radicals (OH), p-benzoquinone (BQ) for superoxide
radicals (O3 ), and formic acid (FA) for photogenerated holes (h*).

As shown in Figure 10, the degradation efficiency of PSMPs reached 63% in the absence of scavengers after 30 h of UV
irradiation. The addition of TBA and BQ significantly suppressed the degradation efficiency to 17.3 and 43.5%, respectively,
indicating that ‘'OH and O} radicals play a predominant role in the photocatalytic process. In contrast, the addition of FA
only slightly affected the degradation efficiency (61.2%), suggesting a minor contribution from photogenerated holes. These
findings confirm that ‘'OH and O, are the major reactive species responsible for the photodegradation of PSMPs using
TiO,@UiO-66. The results are consistent with the observations of He et al. (2023), who reported that ‘OH and O, were
the dominant ROS in the photocatalytic degradation of polystyrene microplastics coupled with hydrogen evolution over
an FeB/TiO, composite. Similarly, Rodriguez-Olivares et al. (2025) demonstrated that ‘OH and O; were the key oxidative
species driving the degradation of nylon-6 using an HKUST-1(Cu/Fe)-derived CuO/TiO, photocatalyst. The formation of
hydroxyl radicals (OH) can occur either through the oxidation of water molecules by photogenerated holes or via a
series of redox reactions involving photogenerated electrons and superoxide radicals (O,) (Xu et al. 2021). Typically,
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Figure 10 | Identification of reactive oxygen species: Photocatalytic degradation efficiency of PSMPs under different radical-scavenging
conditions (a), UV-Vis absorption spectra of Ti0,@Ui0-66 in the presence of various scavengers — TBA for “OH, BQ for O, and FA for h* (b).
(Conditions: 1.0 g/L of photocatalyst; scavenger = 3.5 mM; PSMPs = 150 ppm; natural pH, room temperature, light intensity =4 mw-cm™2).
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this process begins with the reduction of molecular oxygen by excited electrons to generate O, which subsequently reacts
with protons (h™) to produce hydroperoxyl radicals (HO"). Subsequent transformations of HO" and O; species yield highly
reactive "'OH radicals (Parrino ef al. 2020; Hussain et al. 2022).

Based on the UV-Vis diffuse reflectance spectroscopy results, the main charge transfer pathway in the TiO,@UiO-66 semi-
conductor composite under visible-light irradiation is illustrated in Figure 11. The proposed mechanism was established by
determining the valence band (VB) and conduction band (CB) edge potentials of TiO, and UiO-66 from their band gap ener-
gies using the Mulliken electronegativity approach.

The band edge positions were calculated according to the following equations:

Ecp = x — E. — 0.5E,
Evg = E; + Ecs

where y is the absolute electronegativity of the semiconductor (eV), E, = 4.5 eV represents the energy of free electrons on
the vacuum scale, and E; is the band gap energy (eV).

Using the reported absolute electronegativity values of UiO-66 (y = 5.4 eV) (Federica ef al. 2021) and TiO, (y = 5.81 eV)
(Girish et al. 2022; Nada et al. 2025), together with their corresponding band gap energies of 3.06 and 3.27 eV, respectively,
the CB and VB positions were calculated. The estimated CB and VB potentials of UiO-66 are —0.63 and +2.43 eV (vs. NHE),
whereas those of TiO, are —0.33 and +2.94 eV. The relative band alignment indicates that the CB level of UiO-66 is more
negative than that of TiO,, while the VB level of TiO, is more positive than that of UiO-66, suggesting favorable charge sep-
aration within the composite system.

The TiO,@UiO-66 system forms an S-scheme heterojunction, in which selective recombination occurs between the elec-
trons in the CB of TiO, (due to its higher CB energy level) and the holes in the VB of UiO-66 (owing to its lower VB energy
level). This recombination pathway preserves the electrons with strong reduction potential in the CB of UiO-66, which effec-
tively reduce O, to generate -O, radicals, as well as the holes with strong oxidation potential in the VB of TiO,, which
facilitate the formation of ‘OH radicals. As a result, the catalyst exhibits enhanced charge separation efficiency while simul-
taneously optimizing its redox capability, leading to superior photocatalytic performance.

The intermediate products generated during the photodegradation of polystyrene microplastics were analyzed by LC/MS
(Figure S2 and Figure 12). Hydroperoxyl (HO’) and superoxide (O, ) radicals attack the unstable sites of the PS chains, initi-
ating a series of bond-cleavage reactions that break the polymer into smaller molecular fragments, eventually yielding CO,
and H,O (Uheida ef al. 2021). Specifically, these reactive oxygen species preferentially target the tertiary carbon sites, lead-
ing to C-C bond scission and the formation of C,3H,,0 (m/z 314.61). This intermediate undergoes further oxidative chain
scission to generate Ci6H 30, (m/z 273.77), C16H 140, (m/z 238.87), and [C15H140 + H]* (m/z 213.93). These products

Potential =
(eV vs. NHE) ‘0,

CO,+H,0

Intermiadate products

Polystyrene

Figure 11 | The proposed mechanisms for the electron transfers under UV irradiation.
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Figure 12 | Proposed photocatalytic degradation mechanism of polystyrene microplastics over TiO,@UiO-66 composite.

subsequently react with radical species through ring-opening and oxidation pathways, producing shorter-chain compounds
such as phenylacetaldehyde (CgHgO, m/z 120), CoH;o (/2 118.79), cyclohexadiene (m/z 81.24), acetic acid (m/z 60), and
the allyl cation (m/z 41.56). Ultimately, continuous oxidation converts these intermediates into the inorganic end products
CO, and H,O.

The degradation efficiency of PS microplastics over the TiO,@UiO-66 catalyst, compared with several other advanced oxi-
dation technologies, is presented in Table 1.

Conventional TiOs-based photocatalysts generally show limited mineralization of PS microplastics, achieving only
20-40% degradation and <30% TOC removal after prolonged UV irradiation, indicating predominant surface oxidation
rather than complete chain scission. ZnO under visible light performs similarly due to rapid charge recombination. Although
photo-Fenton and ozonation enhance degradation (40-60%) and mineralization (30-50%), they rely on homogeneous oxi-
dants, reducing sustainability.

In contrast, TiO,@UiO-66 achieved 63% degradation and 56.8% TOC removal within 30 h, outperforming most hetero-
geneous TiO, systems and rivaling advanced oxidation processes without external oxidants. The superior performance is

Table 1 | Comparison of photocatalytic degradation of PS microplastics

Reaction
Catalyst/reaction system Light source time Degradation efficiency TOC mineralization Reference
Photo-Fenton system UV + H,0, 6-24h 40-60% Higher mineralization (~30- Di Luca et al.
500) (2023)
Ozonation O3 2-6h 30-50% Moderate mineralization Gayathri et al.
(2023)
ZnO Visible light 24 h 20-35% 10-25% TOC removal Uheida et al.
(2021)
Bio-derived porous N- uv 12-48 h ~30-40% (significant Low mineralization (<20% Ariza-Tarazona
TiO, increase in carbonyl TOC removal) et al. (2019)
index)
TiOo-based systems uv 24-48 h ~20-40% 10-30% TOC removal Zan et al. (2004)
irradiation
Ag-TiO,/CNT hybrid Solar 48 h ~31.7% - Chinnam et al.
nanocomposite irradiation (2024)
TiO,@UiO-66 uv 30h 63% 56.8% TOC removal at PS This study
irradiation concentration of 200 ppm
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Figure 13 | (a) Reusability of the TiO,@UiO-66 photocatalyst for PS degradation, and (b) XRD patterns of the fresh and recycled catalysts.
(Conditions: 1.0 g/L of catalyst; natural pH, room temperature, light intensity =4 mw-cm™2).

attributed to improved charge separation at the TiO,-MOF interface and the confinement-enhanced adsorption of PS,
promoting efficient ROS-mediated C-C bond cleavage and deeper mineralization. These results highlight heterojunction
engineering with porous frameworks as a promising strategy for sustainable microplastic remediation.

3.3. Evaluation of catalytic stability

After the photocatalytic degradation of PS microplastics, the powdered catalyst was primarily recovered by centrifugation at
5,000 rpm for 10 min to ensure complete separation of the solid phase from the reaction solution. The collected solid was
washed several times with distilled water to remove soluble mineralization products, followed by additional washing with
ethanol to eliminate residual organic intermediates adsorbed on the catalyst surface. The sample was then dried at 80 °C
for 12 h to remove moisture. After treatment, the catalyst was stored in a sealed container prior to reuse in subsequent
cycles. The PS degradation efficiency on TiO,@UiO-66 catalyst after 5 reaction cycles is shown in Figure 13(a).

The recyclability test demonstrates that the catalyst maintains high photocatalytic stability over repeated cycles. The PS
degradation efficiency decreases only slightly from 63.4% in the first run to 56.4% after five cycles, corresponding to a
minor activity loss of approximately 7% in absolute terms. The absence of abrupt deactivation indicates that most active
sites remain accessible, and no significant photocorrosion or metal leaching occurs during the reaction. The slight decline
in activity is more likely associated with surface fouling by intermediate oxidation products or minor catalyst loss during
recovery rather than intrinsic structural degradation.

This stability is further confirmed by the XRD patterns (Figure 13(b)), where the recycled catalyst exhibits nearly identical
diffraction peak positions compared to the fresh sample. No new crystalline phases or peak shifts are observed, indicating
that the crystal structure remains intact after repeated photocatalytic operation. Although a slight reduction in peak intensity
is visible, this can be attributed to surface adsorption of residual species rather than framework collapse or phase transform-
ation. The combined catalytic performance and structural analyses therefore confirm that the catalyst possesses robust
structural integrity and good reusability, making it a promising candidate for sustainable microplastic remediation.

3. CONCLUSIONS

The UiO-66 combined with TiO, semiconductor was successfully synthesized through a simple solvent method followed by
thermal treatment. The obtained TiO,@UiO-66 composite exhibited superior photocatalytic performance compared to pris-
tine TiO, and UiO-66 in the degradation of polystyrene microplastics. The TiO,@UiO-66 catalyst displayed the anatase
crystalline phase of TiO, and demonstrated excellent photocatalytic activity under UV irradiation for polystyrene degra-
dation at ambient pH conditions. This was evidenced by the decrease in TOC concentration from 138 mg/L
(corresponding to 150 ppm PSMPs) to 51.23 mg/L after 30 h of irradiation. SEM images, FT-IR, and LC/MS analyses con-
firmed the oxidation and scission of polymer chains during photocatalytic degradation, resulting from the synergistic
interaction between UiO-66 and TiO,. This process led to the formation of intermediate and low-molecular-weight products
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such as aldehydes and carboxylic acids. The enhanced photocatalytic efficiency is attributed to the interfacial coupling effect
between TiO, and UiO-66, which promotes efficient separation and transfer of photogenerated electron-hole pairs.
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