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The progressive contamination of aquatic environments by microplastics and pharmaceutical residues 
has emerged as a pressing environmental issue. In the present study, a novel S-scheme TiO2@In2S3/ 
MIL-101(Cr) heterojunction composite was synthesized and evaluated for its capacity to simultaneously 
eliminate polystyrene microplastics (PSMPs) and tetracycline (TC) from aqueous media. The TiO2@In2S3/ 
MIL-101(Cr) composite exhibited outstanding photocatalytic and adsorptive properties, achieving com-
plete removal of PSMPs (500 mg L− 1) within 90 min and 97% removal of TC (30 mg L− 1) within 
210 min under visible-light irradiation. In a binary pollutant system, the composite enabled full elimina-
tion of both PSMPs and TC within 240 min, with PSMPs reaching 100% removal at 180 min and TC at
240 min. The superior performance was attributed to enhanced charge carrier separation and the sup-
pression of electron–hole recombination, facilitated by the engineered heterojunction structure.
Reusability tests confirmed the material’s stability, with over 94% removal efficiency retained after four
consecutive cycles. Moreover, adsorption experiments revealed a pronounced pH dependence, with opti-
mal removal efficiency observed at pH 5. Collectively, these results highlight the dual functionality and
robustness of TiO2@In2S3/MIL-101(Cr), underscoring its potential as a promising candidate for large-
scale water purification and environmental remediation applications.

© 2026 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan.
1. Introductio n

The co-occurrence of MPs and the antibiotic TC in aquatic envi-
ronments poses a substantial risk to both ecosystems and public
health [1]. MPs (<5 mm), originating from fragmented plastic deb-
ris and microbeads, are highly persistent in water systems where 
they readily adsorb organic contaminants and pathogenic microor-
ganisms. Upon ingestion, MPs can induce physical damage, oxida-
tive stress, immunosuppression, and endocrine disruption, with
the potential for trophic transfer and bioaccumulation within food
webs [2–4]. In parallel, TC—extensively applied in human medi-
cine, veterinary practices, and agriculture—i s predominantly
excreted in unmetabolized form. Owing to its poor biodegradabil-
ity (half-life > 100 days), TC accumulates in surface and groundwa-
ter, contributing to the proliferation of antibiotic resistance and
exerting detrimental effects on microbial and algal communities
[5,6]. Notably, the coexistence of MPs and TC exacerbates these 
hazards, as MPs serve as vectors that concentrate and transport 
TC through hydrophobic and p –p interactions, thereby amplifying
its toxicity by up to an order of magnitude and facilitating biofilm-
mediated horizontal transfer of resistance genes [7]. These syner-
gistic interactions highlight the urgent demand for advanced water 
treatment strategie s capable of simultaneously eliminating both
particulate and dissolved pollutants.

To tackle these challenges, multifunctional materials that com-
bine photocatalytic degradation with high-capacity adsorption 
have garnered considerable attention. Photocatalysis offers a sus-
tainable and efficient pathway for mineralizing organic pollutants
into CO2, H2O, or other environmentally benign products under
light irradiation [8]. Among various photocatalysts, titanium
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dioxide (TiO2) is one of the most widely investigated, owing to its
strong oxidative potential, chemical stability, and non-toxicity [9]. 
Upon UV excitation, TiO2 generates electron–hole pairs that subse-
quently produce reactive oxygen species (ROS), such as hydroxyl 
and superoxide radicals, capable of degrading a wide range of 
organic contaminants. However, TiO2 is limited by its wide band-
gap (∼3.2 eV), which restricts solar energy utilization to < 5% and
results in negligible activity under visible light [10]. 

To overcome this drawback, visible-light-responsive semicon-
ductors such as indium sulfide (In2S3, bandgap 1.8–2.3 eV) have
been explored to extend photocatalytic activity into the visible
spectrum [11,12]. Despite this advantage, In2S3 suffers from rapid 
recombination of photogener ated charge carriers, which severely
diminishes its catalytic efficiency [13]. In this context, the S-
scheme heterojunction concept, first proposed by Yu et al. in
2019 [14], has emerged as a promising strategy to integrate com-
plementary semiconductors. An S-scheme heterojunction typically 
couples a reduction-type photocatalyst, characterized by higher 
conduction band (CB), valence band (VB), and Fermi levels, with
an oxidation-type photocatalyst exhibiting lower corresponding
levels [15]. Upon contact, interfacial charge transfer occurs as elec-
trons migrate from the reduction-type to the oxidation-type pho-
tocatalyst due to Fermi level equilibration. This process induces 
electron depletion in the reduction-type photocatalyst and elec-
tron accumulation in the oxidation-type photocatalyst, generating
an internal electric field oriented from the reduction-type to the
oxidation-type semiconductor.

Under light irradiation, photogenerated electrons in the CB of 
the oxidation-type photocatalyst tend to recombine with holes in 
the VB of the reduction-type photocatalyst, driven by Coulombic 
attraction and the built-in electric field. Conversely, the transfer 
of electrons from the CB of the reduction-type photocatalyst to
the CB of the oxidation-type photocatalyst, as well as hole migra-
tion from the VB of the oxidation-type to the VB of the
reduction-type photocatalyst, is effectively inhibited by Coulombic
repulsion, band bending, and the internal field [16]. As a result, 
high-energy electrons are retained in the reduction-type photocat-
alyst and strong oxidative holes are preserved in the oxidation-
type photocatalyst, thereby maintaining robust redox potential. 
Compared to conventional heterojunctions, S-scheme architec-
tures not only suppress charge recombination but also preserve
the strong redox capability necessary for pollutant degradation
[17],  CO2 reduction [18], and H2O2 generation [19]. Thus, the 
rational construction of S-scheme heterojunction photocatalysts 
represents a highly effective strategy to achieve efficient charge
separation and maximize photocatalytic performance in environ-
mental applications.

In parallel, adsorption has emerged as an effective and low-cost 
strategy for pollutant removal, particularly for particulate matter 
such as microplastics (MPs). Conventional carbon-based adsor-
bents, including activated carbon and doped carbon composites,
exhibit moderate MP removal performance [20–25]. Nonetheless, 
their applicability is often limited by poor selectivity among differ-
ent plastic types and insufficient efficiency in capturing nanoscale
MPs within complex water matrices [26,27]. In contrast, metal–or-
ganic frameworks (MOFs), owing to their high surface area, tunable 
porosity, and diverse chemical functionalities, represent a versatile 
platform for both adsorption and catalysis. MOFs such as UiO-66 
and ZIF-67 have demonstrated notable MP removal efficiencies,
while MOF-derived composites have been reported to achieve
the simultaneous elimination of MPs and organic pollutants,
including pesticides [13,21,28]. More recently, hybrid systems 
such as g-C3N4/FeNi-BTC and g-C3N4/CoFe-BTC have highlighted 
the potential of integrating MOFs with photocatalysts and carbon
nanostructures to enable efficient treatment of mixed pollutant
systems, particularly those containing MPs and antibiotics [29,30]. 
2

Building upon these advances, we report the design of a novel 
ternary photocatalytic nanocomposite, in which TiO2@In2S3 

nanoparticles are uniformly assembled and well dispersed on the 
surface of MIL-101(Cr). The composite is rationally engineered to 
exploit the synergistic functions of its constituents: (i) TiO2 pro-
vides strong oxidative capability under UV irradiation, (ii) In2S3 

extends photocatalytic activity into the visible-light region, and
(iii) the S-scheme heterojunction formed between TiO2 and In2S3
facilitates efficient charge separation, thereby enhancing photocat-
alytic degradation. Concurrently, MIL-101(Cr) contributes high
surface area, large mesopores for effective microplastic capture,
and excellent structural as well as chemical stability in aqueous
environments [31]. As a result, the TiO2@In2S3/MIL-101(Cr) com-
posite exhibits dual functionality, achieving both efficient adsorp-
tion of polystyrene microplastics and rapid photocatalytic 
degradation of tetracycline under simulated solar irradiation. This 
integrated strategy provides a promising route for advanced water
treatment, enabling the simultaneous removal of particulate and
dissolved contaminants within a single multifunctional material
system.
2. Experim ental

2.1. Materials 

Chromium(III) nitrate nonahydrate (Cr(NO3) 3 9H2O, 99%), 
hydrofluoric acid (HF, 48%), ethanol (C2H5OH, 99%), dimethylfor-
mamide (DMF, 99.8%), thiourea (CS(NH2) 2, 99%), indium(III) chlo-
ride (InCl3, 99.99%), titanium isopropoxide (TTIP, 97%), 
cetrimonium bromide (CTAB, C16H33N(Br)(CH3) 3, ≥99%), and acetic 
acid (CH3COOH, 99.8%) were purchased from Sigma–Aldrich and
used without further purification. Terephthalic acid (TPA) was
recovered from post-consumer PET plastic via our previously
reported recycling method [5,32]. Tetracycline (TC, 98%) was 
obtained from Sigma–Aldrich, while polystyrene microplastics 
(PSMPs; 2.5% w/v aqueous suspension) were purchased from Poly-
sciences (USA). TC and PSMPs were employed as model organic
pollutants in the adsorption and photocatalytic degradation
experiments.

2.2. Synthesis of TiO2@In 2S3

The TiO2 precursor was synthesized via a sol–gel method. Tita-
nium isopropoxide (TTIP) was dissolved in a mixed solvent of etha-
nol and acetic acid at a molar ratio of 0.01 Ti(OC3H7)4:  C2H5OH: 
CH3COOH: 4.5H2O, followed by magnetic stirring at room temper-
ature for 6 h. Subsequently, 0.2 g of CTAB was gradually added 
under constant stirring, and the reaction was allowed to proceed 
for an additional 3 h. The resulting TiO2 sol was then subjected
to hydrothermal crystallization at 100 °C for 6 h in a Teflon-lined
stainless-steel autoclave. After cooling to room temperature, the
precipitate was collected by centrifugation, washed repeatedly
with distilled water and ethanol, and dried in air at 100 °C over-
night. The dried gel was finally calcined at 450 °C for 3 h under
air flow to obtain crystalline TiO2 powder.

The TiO2@In2S3 nanocomposite was prepared via a one-step 
hydrothermal process. Specifically, 6.15 mmol of the pre-
synthesized TiO2 was dispersed in an aqueous solution of InCl3 

(4 mmol) by ultrasonication for 30 min. A separate aqueous solu-
tion containing thiourea (6 mmol) was then added dropwise to 
the TiO2–InCl3 suspension, followed by continuous stirring for
1 h. The mixture was subsequently transferred into a Teflon-
lined stainless-steel autoclave and heated at 150 °C for 6 h. The
resulting yellowish precipitate was collected by centrifugation,
washed thoroughly with distilled water and ethanol, and dried at
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80 °C overnight to yield the TiO2@In2S3 nanocomposite. For com-
parison, pure In2S3 was synthesized under identical conditions in
the absence of TiO2.

2.3. Synthesis of TiO2@In2S3 /MIL-101(Cr) nanocomposite

The TiO2@In2S3/MIL-101(Cr) heterojunction material was syn-
thesized via a direct hydrothermal method. Typically, 0.5 g of 
TiO2@In2S3 was dispersed in an aqueous solution of chromium 
(III) nitrate nonahydrate (Cr(NO3) 3 9H2O, 10 mmol in 60 mL of dis-
tilled water) by ultrasonication for 30 min. Separately, a solution of 
terephthalic acid (TPA, 7 mmol) and HF (0.43 mL, 48%) in 75 mL of
distilled water was prepared and subsequently added to the
TiO2@In2S3–Cr(NO3) 3 suspension. The mixture was stirred vigor-
ously at 500 rpm for 1 h to obtain a homogeneous precursor
solution.

The precursor was then transferred into a Teflon-lined 
stainless-steel autoclave and heated at 180 °C for 12 h. After natu-
ral cooling to room temperature, the solid product was collected by 
filtration, washed thoroughly with DMF, ethanol, and distilled 
water at 80 ° C to remove residual organic linkers and impurities,
and finally dried in an oven at 80 °C overnight. The resulting mate-
rial was denoted as the TiO2@In2S3/MIL-101(Cr) (TIM) nanocom-
posite photocatalyst.

2.4. Characterizatio n

The crystal structure and phase composition of the synthesized 
materials were characterized by X-ray diffraction (XRD) using a D8 
Advance diffractometer (Bruker, Germany) equipped with Cu Ka 
radiation (k = 0.154 nm) at a scanning rate of 0.2° s−1 . The surface 
morphology and microstructural features were examined by scan-
ning electron microscopy (SEM, HITACHI S-4800-3000F) and trans-
mission electron microscopy (TEM, JEM-2100F, JEOL, Japan). 
Fourier-transform infrared (FT-IR) spectroscopy (Jasco 4700 spec-
trometer) was employed to identify functional groups and chemi-
cal bonds in both the synthesized materials and polystyrene 
microplastics before and after adsorption. Elemental composition 
and spatial distribution were determined using energy-dispersive 
X-ray spectroscopy (EDX) and EDX mapping (JEOL JED-2300) with 
gold coating. The optical properties were analyzed through UV– 
visible diffuse reflectance spectroscopy (DRS, UV-2600, Shimadzu) 
and photoluminescence (PL) spectroscopy (Cary Eclipse fluores-
cence spectrophotometer, Varian). Specific surface area, pore size
distribution, and pore volume were measured by nitrogen adsorp-
tion–desorption isotherms at 77 K using the Brunauer–Emmett–T
eller (BET) method on a Tristar 3030 analyzer (Micromeritics,
USA). X-ray photoelectron spectroscopy (XPS) was carried out on
an ESCALab 250 spectrometer (Thermo VG, UK) to determine the
surface elemental composition and chemical states. Electrochemi-
cal impedance spectroscopy (EIS) was performed in 0.1 M KCl elec-
trolyte containing 5 mM K3 [Fe(CN)6]/K4 [Fe(CN) 6] as a redox
couple. The particle size distribution of PSMPs was further deter-
mined by dynamic light scattering (DLS, Nano Zetasizer, Malvern
Instruments Ltd., UK).

2.5. Photodegradation of tetracycline

Photocatalytic degradation experiments were performed in 
batch mode using 100 mL of TC solution (30 mg L−1 ) with 40 mg 
of photocatalyst. Prior to irradiation, the suspensions were mag-
netically stirred in the dark for 30 min to establish adsorption–des-
orption equilibrium. The photocatalytic reactions were then
carried out under a 150 W xenon lamp (k = 420–800 nm) for vary-
ing durations (30–210 min). At designated time intervals, 3 mL ali-
quots were withdrawn, centrifuged, and filtered to remove the
3

catalyst. The residual TC concentration was quantified spectropho-
tometrically by measuring the absorbance at kmax = 365 nm.

2.6. Adsorption of polystyre ne microplastics

A stock solution of PSMPs (1000 mg L−1 ) was prepared by dilut-
ing a commercial aqueous suspension of polystyrene (2.5% w/v) 
with deionized water, followed by ultrasonication in a bath sonica-
tor for 30 min. Adsorption experiments were conducted at room 
temperature (25 °C) using TiO2,  In2S3, MIL-101(Cr), and TIM as 
adsorbents. The influence of adsorption time, solution pH, initial 
PSMPs concentration, and adsorbent reusability was systematically 
examined. In a typical experiment, 40 mg of adsorbent was added
to 40 mL of PSMPs solution and stirred at 300 rpm. The solution pH
was adjusted in the range of 3–11 using 0.1 M HCl or 0.1 M NaOH.
At predetermined intervals, aliquots were withdrawn, filtered
through a syringe filter, and analyzed by UV–Vis spectrophotome-
try at 254 nm to determine the residual PSMPs concentration. The
adsorption efficiency (g, %) was calculated using the following
equation:

g 1 
Cf 

Co 
100 1

where Co (mg.L−1 ) is the initial PSMPs concentration and Cf (mg.L −1)
is the concentration at time t.

2.7. Simultaneous removal of tetracycline and polystyrene
microplastics

In binary pollutant systems, a mixed suspension containing 25% 
PSMPs and 75% TC by volume was prepared. Specifically, 10 mL of 
PSMPs suspension (500 mg L−1 ) and 30 mL of TC solution 
(30 mg L−1 ) were combined to obtain 40 mL of mixed-pollutant 
suspension. The mixture was treated with 40 mg of the TIM 
nanocomposite at room temperature and neutral pH, under contin-
uous stirring at 400 rpm for 240 min. At predetermined intervals,
aliquots were withdrawn, filtered to remove solid residues, and
analyzed using a Shimadzu UV-2450 UV–Vis spectrophotometer
in the range of 200–800 nm. The characteristic absorption peaks
of TC and PSMPs were monitored at 365 nm and 250–295 nm,
respectively.
3. Results and discussion

3.1. Structural, surface morphology and physicochemical properties

Fig. 1 a shows the XRD patterns of the In2S3, TiO2, MIL–101(Cr) 
and TIM samples. The diffraction peaks of the synthesized In2S3 

match well with the standard JCPDS 65–0459, confirming the for-
mation of the cubic b-In2S3 phase. Specifically, the peaks at 2h = 14.
5°, 27.5°, 33.2°, 43.6° and 47.8° correspond to the (101), (331),
(400), (511) and (440) crystal planes, respectively [33]. The XRD 
pattern of TiO2 shows characteristic peaks at 2h = 25.5°, 37.8°, 
and 47.9°, which are indexed to the (101), (004), and (200) planes
of the anatase phase, consistent with previous reports [34]. For 
MIL–101(Cr), distinct diffraction peaks appear at 2h = 5.8°, 8.3°, 
9.1°, 10.2°, 16.5° and 19.1°, corresponding to the (220), (222),
(400), (331), (511/333), and (440) planes, confirming the formation
of the MIL–101(Cr) framework [35].

In the TIM composite, the diffraction peaks of MIL–101(Cr) 
show a slight decrease in intensity, indicating the presence of 
structural defects in the MIL–101(Cr) lattice due to the incorpora-
tion of In2S3 and TiO2. Nevertheless, the characteristic peaks of
both In2S3 and TiO2 are retained in the composite, indicating that
their original crystalline structures are preserved after hybridiza-
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Fig. 1. (a) XRD patterns and (b) FT–IR spectra of In2S3, TiO2, MIL–101(Cr), and TIM
samples.
tion. The lack of extra peaks confirms that the synthesized materi-
als exhibit high phase purity. The average crystallite sizes of In2S3, 
TiO2, MIL–101(Cr), and TIM were estimated using the Debye–
Scherrer equation and found to be approximately 27 nm, 20 nm,
31.4 nm, and 46 nm, respectively.

FT–IR spectra of the In2S3, TiO2, MIL–101(Cr), and TIM samples
are shown in Fig. 1b. A broad absorption band in the range of 
3200–3400 cm−1 is observed in all samples and can be attributed
to the stretching vibrations of surface hydroxyl groups or inter-
molecular hydrogen bonds [30]. In the FT–IR spectrum of In2S3, 
the peak observed at 806 cm−1 is attributed to the stretching vibra-
tions of the In–S bond, whereas the band at 500 cm− 1 corresponds
to the In–O vibration mode. The presence of the In–O bond likely
results from the interaction between In3+ ions and oxygen-
containing surface functional groups [36]. For TiO2, characteristic 
Ti–O stretching vibrations are observed at 690 cm−1 and
1623 cm−1 [37]. The FT–IR spectrum of MIL–101(Cr) displays dis-
tinct vibrational features in the range of 600–1600 cm−1 , confirm-
ing the presence of aromatic ligands. Specifically, C=C stretching 
vibrations are seen at 1399 and 1518 cm−1, and C–H deformation
vibrations appear at 750, 887, 1017, and 1171 cm−1 [35,38]. A peak 
at 580 cm−1 is attributed to the Cr–O stretchin g vibration, charac-
teristic of the metal–ligand coordination in MIL–101(Cr) [39]. The 
FT–IR spectrum of the TIM nanocomposite exhibits characteristic 
features from all three components, indicating successful 
hybridization. The presence of vibrational bands corresponding to 
In2S3, TiO2, and MIL–101(Cr) suggests strong interfacial interac-
tions and the formation of a homogeneous nanocomposite.
4

The morphology of the synthesized materials was investigated 
using SEM and TEM. As shown in the SEM image (Fig. 2a), In2S3 

exhibits a spherical morphology composed of flower-like crystal-
lites. The corresponding TEM image (Fig. 3a) further reveals that 
the In2S3 structure consists of two-dimensional (2D) nanosheets 
with rough surfaces and embedded small, irregular nanoparticles.
The TiO2 nanoparticles (Figs. 2b and 3b) display a typical spherical 
shape with good dispersion, characteristic of anatase-phase TiO2. 
However, some degree of agglomeration is observed, which can
be attributed to the high calcination temperature promoting the
fusion of primary particles and enhancing crystal growth [40]. 
MIL–101(Cr) displays a well-defined octahedral morphology with 
particle sizes ranging from 100 to 200 nm, as evidenced in
Figs. 2c and 3c, consistent with previous reports [41]. The SEM 
and TEM images of the TIM nanocomposite (Figs. 2d and 3d) 
demonstrate that the In2S3@TiO2 nanoparticles, which exhibit a 
nanosheet morphology, are uniformly distributed around the 
well-defined octahedral framework of MIL-101(Cr). This arrange-
ment forms a closely integrated interface conducive to efficient
direct electron transfer [17]. As shown in Fig. 5e and 5f, the 
nanosheets are orderly assembled and homogeneously dispersed 
across the MIL-101(Cr) surface. Moreover, the encapsulating 
‘‘wrapping” structure of the TIM composite effectively suppresses
the aggregation of In2S3@TiO2 nanoparticles and enhances their
adsorption capacity toward target pollutants [42,43].

Elemental composition and distribution in the TIM nanocom-
posite were examined using EDX and elemental mapping (Fig. 4). 
The presence of C, O, Cr, Ti, In, and S confirms the successful incor-
poration of all constituent components into the composite struc-
ture. EDX analysis revealed that the TIM material contains 
19.10 wt% C, 34.68 wt% O, 7.85 wt% Cr, 18.64 wt% Ti, 13.92 wt% 
In, and 5.81 wt% S, corresponding to atomic percentages of 
34.59%, 47.10%, 3.28%, 8.46%, 2.63%, and 3.94%, respectively. In 
comparison, XPS analysis yielded elemental atomic percentages 
of 33.08% C, 49.79% O, 3.19% Cr, 8.57% Ti, 2.04% In, and 3.32% S.
The differences in elemental composition as determined by EDX
and XPS are minor, indicating good consistency between the two
techniques. Notably, the In:S atomic ratio is approximately 2:3,
in good agreement with the stoichiometric composition of In2S3.
Furthermore, EDX elemental mapping demonstrates a uniform dis-
tribution of all elements throughout the composite matrix, sup-
porting the successful formation of a well-integrated
heterojunction structure.

The oxidation states and interactions between components in 
the TIM nanocomposite were examined using XPS (Fig. 5). The sur-
vey spectrum of the TIM (Fig. S1) displayed characteristic peaks 
corresponding to C, O, Cr, Ti, In, and S, confirming the presence of
these elements in the nanocomposite.

High-resolution In 3d and S 2p XPS spectra for the TIM sample 
revealed energy levels at In 3d5/2 (444.77 eV) and In 3d3/2 

(452.32 eV), as well as S 2p3/2 (161.58 eV) and S 2p1/2 162.82 eV,
indicating the presence of In3+ and S2- oxidation states in the
nanocomposite [44,45]. Notably, the core-level binding energies 
of In 3d and S 2p in the TIM shifted to lower (more negative) values 
compared to those in pure In2S3 phase (In 3d5/2 at 444.96 eV, In
3d3/2 at 452.51 eV, S 2p3/2 at 161.38 eV, and S 2p1/2 at
162.62 eV), indicating the formation of new electronic interactions
within the composite.

Additionally, the bonding energies of Ti 2p, Cr 2p, C 1 s, and O 
1 s in the TIM nanocomposite exhibited positive shifts compared 
to the pure TiO2 and MIL–101(Cr) phases. Specifically, the Ti 
2p3/2 (458.92 eV) and Ti 2p1/2 (464.65 eV) peaks confirmed the 
presence of Ti4+ , while the Cr 2p3/2 (577.81 eV) and Cr 2p1/2

(587.15 eV) peaks indicated Cr3+. The C 1 s spectrum showed peaks
at 284.94 eV (C=C/C–C), 285.79 eV (C=O), 288.68 eV (C–O) and
290.04 eV (O–C=O), while the O 1 s XPS spectrum exhibited peaks
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Fig. 2. SEM images of (a) In2S3, (b) TiO 2, (c) MIL–101(Cr) and (d,e) TIM samples.

Fig. 3. TEM images of (a) In2S3, (b) TiO2, (c) MIL–101(Cr), and (d) TIM samples
((inset, 500 nm of size).
at 530.32 eV (O–C=O), 531.02 eV (oxygen in the crystal lattice), and
532.72 eV (chemisorbed oxygen) [46–49]. These observations sug-
gest that electron density is transferred from the TiO2 and MIL–101 
(Cr) phases to the In2S3 phase, leading to an increase in the electron
density of In2S3 and a decrease in that of TiO2 and MIL–101(Cr) in
the TIM composite.

This electron transfer between components indicates efficient 
charge carrier separation and migration, which is further sup-
ported by changes in binding energy positions [50]. The bond for-
mation between TiO2@In2S3 and MIL–101(Cr) establishes a 
heterojunction with a S-scheme, enhancing photocatalytic activity
by improving charge carrier transport and separation.
5

The nitrogen adsorption–desorption isotherms and calculated 
textual characteristics are shown in Fig. 6 and Table 1. The iso-
therms of the obtained samples correspond to type I and IV, 
according to the IUPAC classification. The BET surface area of pure 
In2S3 and TiO2 was found to be 108 m2 .g−1 and 96 m2 .g−1 , respec-
tively. In contrast, the TIM composite material exhibits a decrease 
in both specific surface area and total pore volume (SBET = 
956 m2 g−1 ,  Vpore = 0.60 cm3 g−1 ) compared to pristine MIL–101 
(Cr) (SBET = 1965 m2 g−1 ,  Vpore = 0.96 cm3 g−1). Nevertheless, these
values remain relatively high, providing the composite with a con-
siderable number of active sites, which are advantageous for
adsorption processes and photocatalytic activity. Furthermore,
the pore size, with diameters ranging from 2.09 to 2.22 nm, shows
no significant change following the incorporation of TiO2@In2S3.
These findings, in conjunction with XRD and SEM analyses, confirm
that the TIM nanocomposite retains the structural characteristics
of the MIL–101(Cr) framework.

The optical absorption behavior and electronic properties of the 
TIM heterostructure were systematically examined to elucidate the
relationship between structural features and photocatalytic perfor-
mance. As illustrated in Fig. 7A, the absorption spectrum of MIL-
101(Cr) (blue curve) exhibits two distinct peaks, which can be 
attributed to p → p and n → p electronic transitions associated 
with the organic linker (terephthalic acid), as well as ligand-to-
metal charge transfer (LMCT) processes and possible d–d transi-
tions involving Cr3+ centers within the MOF framework [51]. These 
characteristic spectral features are indicative of the well-defined 
and highly ordered electronic structure of MIL-101(Cr). In contrast, 
the absorption spectrum of the TIM composite (orange curve) no 
longer displays the characteristic peaks of MIL-101(Cr), indicating 
substantial alterations in the electronic structure. This spectral 
modification is likely a result of strong interfacial interactions
among the three constituents of the composite, which can induce
significant changes in the electronic band structure and facilitate
efficient interfacial charge transfer. Such interfacial effects are con-
sistent with previously reported observations in MOF–semicon-
ductor hybrid systems, where the formation of intermediate
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Fig. 4. (a) EDX spectrum and SEM micrograph with elemental mapping of (b) carbon, (c) oxygen, (d) chromium, (e) titanium, (f) indium, and (g) sulfur of TIM nanocomposite.
energy states, hybridized conduction bands, and extended absorp-
tion edges has been documented [52]. These changes not only 
broaden the optical absorption range but also suppress the individ-
ual absorption features of the pristine components. This synergistic 
interaction is expected to play a crucial role in enhancing charge
separation and transport processes, ultimately contributing to
the improved photocatalytic performance of the TIM heterostruc-
ture. Corresponding Tauc plots (Fig. 7B) reveal that the TIM com-
posite possesses a reduced optical band gap of approximately 
2.70 eV, suggesting strong electronic coupling and effective inter-
facial interaction between the semiconductor constituents [53]. 
Such narrowing of the band gap is beneficial for promoting
visible-light-driven photocatalysis.

To gain further insight into the band structure alignment and 
charge separation behavior, Mott–Schottky analysis was con-
ducted (Fig. 7C). The results confirm that MIL-101(Cr) possesses 
conduction band characteristics conducive to favorable band align-
ment when coupled with TiO2 and In2S3. This configuration facili-
tates a S-scheme charge transfer mechanism, wherein 
photogenerated electrons from the conduction band of In2S3 

migrate through MIL-101(Cr) to TiO2, while holes are transferred
in the opposite direction. This bidirectional transfer pathway effec-
tively suppresses electron–hole recombination, a key factor limit-
ing photocatalytic efficiency in single-component systems [54,55]. 
6

Electrochemical impedance spectroscopy (EIS) results further 
corroborate the improved interfacial charge dynamics of the TIM
composite. As illustrated in the Nyquist plots (Fig. 7D), the TIM 
sample exhibits the smallest semicircular diameter among all 
tested materials, indicating the lowest charge transfer resistance. 
Although In2S3 alone shows a relatively small arc, its narrow band 
gap (1.86 eV) leads to severe recombination of charge carriers. In
contrast, the TIM composite achieves a balance between efficient
charge transport and enhanced carrier separation, attributed to
the synergistic effects among its components.

3.2. Photocatalytic degradation of tetracycline

To evaluate the catalytic performance of the synthesized mate-
rials, the degradation of TC was initially examined in individual 
systems. The results indicated that TiO2 and In2S3 exhibited limited 
photocatalytic activity, with each material achieving less than 40% 
TC removal (30 mg L−1) after 30 min of irradiation. In comparison,
MIL-101(Cr) demonstrated superior efficiency, removing over 50%
of TC within the same time frame and reaching a removal rate of
76.16% after 210 min (Fig. 8a). In contrast, the TIM composite 
exhibited markedly enhanced performance, removing approxi-
mately 55% of TC within the first 30 min and achieving up to 97%
removal after 210 min of irradiation. This significant improvement
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Fig. 5. High–resolution In 3d, S 2p, Ti 2p, Cr 2p, O 1 s and C 1 s XPS spectra of In2S3, TiO2, MIL–101(Cr) and TIM nanocomposite.

Fig. 6. Nitrogen adsorption–desorption isotherms of TiO2,  In2S3, MIL–101(Cr) and
TIM samples.
highlights the superior photocatalytic efficiency of the TIM 
nanocomposite relative to the individual components. The
enhanced activity is primarily attributed to the unique architecture
7

of the composite, which incorporates spherical anatase-phase TiO2 

and microspherical In2S3 assembled from interconnected two-
dimensional nanosheets. The formation of a heterojunction struc-
ture – confirmed by XPS – facilitates more rapid and efficient 
charge transfer, as further supported by EIS measurements. More-
over, the TIM nanocomposite exhibits a remarkably increased 
specific surface area (956 m2 g−1 ), significantly higher than that 
of pure In2S3 (108 m2 g−1 ) and TiO2 (95.97 m2 g−1), owing to the
structural support provided by MIL-101(Cr). Importantly, MIL-
101(Cr) does not merely act as a passive support but plays an
active role in facilitating charge transport through its metal–oxo
cluster framework. The observed enhancement in charge mobility
suggests that MIL-101(Cr) provides conductive pathways that aid
in the efficient migration of photogenerated carriers within the
composite [56]. This behavior is critical for sustaining long-lived 
charge carriers and continuous redox activity during photocat-
alytic reactions. Collectively, these findings highlight the multi-
functional role of MIL-101(Cr) in the TIM heterostructure: (i) 
improving light absorption, (ii) promoting directional charge trans-
fer via favorable band alignment, and (iii) reducing interfacial
charge transfer resistance. The integration of TiO2, In2S3, and
MIL-101(Cr) into a coherent S-scheme system results in a highly
synergistic architecture with markedly enhanced photocatalytic
performance compared to individual or binary systems.

Environmental conditions play a crucial role in influencing pol-
lutant treatment efficiency. In this study, we investigated the effect
of different pH values (3, 5, 7, and 9) at room temperature (30 °C)



X.N. Pham, Hong Van T. Nguyen, H.T. Nguyen et al. Advanced Powder Technology 37 (2026) 105183

Table 1 
Textual characteristics and band gap energies of TiO2,  I  n2S3, MIL–101(Cr) and TIM samples.

Samples ) V ) DSBET (m2 .g−1 pore (cm3 .g−1 BJH (nm) Eg (eV) 

In2S3 108 0.26 8.85 1.86 
TiO2 96 0.19 6.94 3.24 
MIL–101(Cr) 1965 0.96 2.09 2.28 
TIM 956 0.60 2.22 2.70

Fig. 7. (A) UV–Vis DRS spectrum, (B) band gap energies, (C) Mott–Schottky, and (D) EIS of In2S3, TiO2, MIL–101(Cr), and TIM samples.
on the removal of TC. The results showed that the TIM photocata-
lyst removed 72.82%, 98.67%, 92.90%, and 82.83% of TC after
180 min at pH 3, 5, 7, and 9, respectively (Fig. 8b). The lower 
removal efficiency at strongly acidic (pH = 3) and basic (pH = 9) 
conditions is attributed to the repulsive forces between the photo-
catalyst and the pollutant, as they carry the same charge. In con-
trast, at neutral or slightly acidic pH, electrostatic interactions
are observed between the negatively charged TC pollutant and
the positively charged photocatalyst surface [57,58]. 

To determine the active species participating in the photoredox 
reaction during TC degradation, we used 4 mmol.L−1 of ammonium 
oxalate monohydrate, isopropyl alcohol, and 1,4-benzoquinone as 
scavengers for holes (h+), hydroxyl radical (•OH), and superoxide
radical anion (•O2

–), respectively. As shown in Fig. 9, a significan t
8

decrease in TC degradation was observed in the presence of iso-
propyl alcohol and ammonium oxalate monohydrate. This suggests 
that superoxide radical anions and holes are the primary active
species responsible for the photocatalytic degradation of TC in vis-
ible light using the TIM photocatalyst.

Experiments were carried out to quench the reactive radicals, 
aiming to better understand the photocatalytic mechanism of the 
TIM photocatalyst in the TC treatment process. When p-BQ was 
added to capture the superoxide radical (• O2 

– ), the TC treatment 
efficiency of the TIM photocatalyst decreased to 58.3%. Similarly,
the addition of isopropyl alcohol (IPA), a scavenger for holes (h+),
and ammonium oxalate (AO), a scavenger for hydroxyl radicals
(•OH), resulted in TC treatment efficiencies of 74.46% and 76.50%,
respectively, after 180 min of visible light irradiation. These results
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Fig. 8. (a) Effect of the different photocatalysts, and (b) effect the initial pH of TC using TIM as photocatalyst on removal efficiency of tetracycline (photocatalyst loading
40 mg, and 30 mg.L−1 TC).

Fig. 9. Photodegradation of TC using TIM with different quenching radical agents
(p-BQ, AO, and IPA).
suggest the following order of contribution to the degradation of 
TC: • O2 

– >  h+ > •OH. This finding aligns well with the band potential
calculations based on Mott–Schottky plots.

To gain a more comprehensive understanding of the optical 
properties of the semiconductors, Mott–Schottky analysis was 
employed to determine their flatband potentials at a frequency
of 500 Hz (Fig. 7C). Based on the conversion between the Ag/AgCl 
reference electrode and the standard hydrogen electrode (SHE), 
the VB and CB edge positions of the materials were estimated. 
For In2S3, the VB and CB positions were determined to be 0.84 eV 
and − 1.02 eV, respectively. In the case of TiO2, the corresponding
values were 2.77 eV and − 0.47 eV, while for MIL–101(Cr), the VB
and CB positions were 1.63 eV and − 0.65 eV, respectively.

In the S-scheme heterojunction photocatalytic composite sys-
tem TiO2@In2S3/MIL-101(Cr) (Fig. 10), photogenerated electrons 
in the reduction-type photocatalyst In2S3 migrate to the 
oxidation-type photocatalyst TiO2 and/or MIL-101(Cr) at the inter-
face. As a result, In2S3 becomes electron-deficient, while TiO2 and/ 
or MIL-101(Cr) gain electrons, leading to the formation of an inter-
nal electric field directed from In2S3 to TiO2 and/or MIL-101(Cr).
Upon light irradiation, photogenerated electrons in the conduction
9

band of TiO2 and/or MIL-101(Cr) recombine with photogenerated 
holes in the valence band of In2S3 due to Coulombic attraction. 
Consequently, the high-energy electrons in In2S3 and the photo-
generated holes in TiO2 and/or MIL-101(Cr) are preserved, thereby
maximizing the redox capability of the S-scheme heterojunction
photocatalytic system.

As illustrated in Fig. 10A, the CB potentials of TiO2, MIL-101(Cr), 
and In2S3 are all more negative than the reduction potential of
O2/-O2

− (E⁰ = –0.33 eV vs. NHE) [59], enabling the photogenerated 
electrons in these materials to reduce adsorbed molecular oxygen 
on the photocatalyst surface to generate superoxide radicals (-O2 

− ) 
(Eq. 3). In contrast, the VB potentials of In2S3 (0.84 eV) and MIL-
101(Cr) (1.63 eV) are insufficient to oxidize H2O to hydroxyl radi-
cals (-OH), since the oxidation potential of H2O/-OH is 2.40 eV [60]. 
However, TiO2, with a VB position at 2.77 eV, is thermodynamically 
capable of oxidizing surface-adsorbed water or hydroxide ions to
form -OH radicals (Eq. 4).

During the photocatalytic degradation of TC using the TiO2@In2-
S3/MIL-101(Cr) composite, the formation of OH radicals is con-
firmed and found to play a significant role in the degradation 
process. If the photocatalyst were to operate via a conventional 
n–n type heterojunction, photogenerated holes from TiO2 and 
MIL-101(Cr) would migrate to the VB of In2S3. However, due to 
the lower VB potential of In2S3 (0.84 eV), these holes would lack 
sufficient oxidation potential to generate -OH radicals from H2O,
rendering the n–n transfer pathway ineffective for this reaction.
Furthermore, XPS results reveal a decrease in electron density for
the TiO2 and MIL-101(Cr) phases, alongside an increase in the elec-
tron density of In2S3. This observation supports the hypothesis that
electrons are transferred from In2S3 and MIL-101(Cr) to TiO2, sug-
gesting a directional electron flow across the heterojunction.

Based on the band alignment and radical generation evidence, a 
S-scheme charge transfer mechanism is proposed for the TiO2@In2-
S3/MIL-101(Cr) photocatalyst, as illustrated in Fig. 10B. Under vis-
ible light irradiation (with photon energy > 2.70 eV), electrons (e− ) 
and holes (h +) are photoexcited in all components of the composite
can be photoexcited as follows:

TiO2,  In2S3, MIL-101(Cr) + hm → e− + h+ (Eq. 2).
MIL-101(Cr) can act either as an electron donor or acceptor 

depending on the direction of the energy level difference. The con-
duction band of MIL-101(Cr) lies between those of TiO2 and In2S3,
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Fig. 10. S-scheme charge transfer mechanism in TiO2@In2S3/MIL-101(Cr) composite: (A) Before and (B) After interfacial contact under visible light irradiation.
suggesting that MIL-101(Cr) functions as an electron mediator. 
When photogenerated electrons are produced in In2S3, they can 
transfer successively through MIL-101(Cr) to TiO2. Conversely,
holes from TiO2 (with a higher valence band) can migrate to the
VB of MIL-101(Cr).

As a result, a three-dimensional charge transport network is 
formed, rather than a unidirectional transfer path as in the binary 
TiO2/In2S3 heterojunction. The possible charge transfer pathways 
can be described as follows: Electron transfer from In2S3 → MIL-1 
01(Cr) → TiO2; hole transfer from TiO2 → MIL-101(Cr) → In2S3.
Thus, in this study, the proposed mechanism is more likely to fol-
low the electron-mediated mechanism, where MIL-101(Cr) serves
as an efficient charge transfer bridge. This assumption is also con-
sistent with previous studies [61,62]. 

The remaining electrons in the In2S3 CB can react with molecu-
lar oxygen to form superoxide radicals (-O2 

− ): O2 +  e− → • O2
− (Eq. 3),

while the holes in the TiO2 VB (2.77 eV) can oxidize H2O and OH−
Fig. 11. Suspension imaging and DLS particle

10
to generate hydroxyl radicals (-OH): TiO2 (h+ )  +  H2O/– OH → • OH 
(Eq. 4). These reactive species—-O2 

− , -OH, and h+—collectively con-
tribute to the effective photocatalytic degradation of TC, ultimately
leading to its mineralization into harmless end-products.

3.3. Polystyrene microplastic adsorption process

The Z-average particle size of the obtained PSMPs was mea-
sured using dynamic light scattering (DLS). The particle size distri-
bution, based on intensity measurements at pH 5 and 25 °C,
revealed that the PSMPs had a particle size in the range of
400 nm (Fig. 11). 

As shown in Fig. 12a, the adsorption of PSMPs was lower for 
In2S3 (25.82%) and TiO2 (28%) compared to MIL-101(Cr) (96.32%) 
and TIM (95%). This behavior can be explained by the strong p–p
interactions between the aromatic ring structure of terephthalic
acid in MIL-101(Cr) and the polystyrene. Additionally, the surface
 size quantification of PS microplastics.
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Fig. 12. (a) PS microplastic adsorption performance of In2S3, TiO2, MIL-101(Cr) and TIM samples; Effects of adsorption time (b), pH value (c), PS microplastic concentration (d)
and durability after five reaction cycles (e) on TIM sample.
areas of In2S3 (108 m2 .g−1 ) and TiO2 (96 m2 .g−1 ) are lower than 
those of MIL-101(Cr) (1965 m2 .g−1 ) and TiO2@In2S3/MIL-101(Cr) 
(956 m2 .g−1 ). Notably, the adsorption of PSMPs by TIM was slightly 
reduced compared to MIL-101(Cr), likely due to differences in sur-
face area and pore volume. This emphasizes how crucial surface
area and pore volume are for the mass transfer of pollutants from
the bulk liquid to the adsorbent’s surface (external mass transfer)
and their diffusion into the pores.
11
The adsorption of PSMPs was strongly dependent on the solu-
tion pH (Fig. 12c). At pH 5, the adsorption efficiency exceeded 
95% for both MIL-101(Cr) and TIM. The adsorption efficiency 
increased in the acidic range from pH 3 to pH 5, but decreased sig-
nificantly as the pH became more basic, from pH 5 to pH 11. At pH
3 and 5, the negatively charged PSMPs and the positively charged
TIM promoted electrostatic interactions, thus enhancing the
adsorption capacity. At pH 7–11, the adsorption efficiency
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Fig. 13. Ex situ SEM image of (a) TIM and (b) PS microplastic adsorption over TIM; (c) Ex situ FT-IR spectra of TIM and PS microplastic adsorption on TIM.
decreased, likely due to the reduction in the positive charge on the 
TIM surface under basic conditions. A sharp decrease in adsorption 
efficiency was observed at pH 11, where the surface charge of TIM
became negative, leading to repulsive interactions with the nega-
tively charged PSMPs.

Fig. 12d demonstrates that the initial concentration of PSMPs 
impacts the adsorption efficiency using TIM. The data shows a neg-
ative correlation between the initial concentration of microplastics 
and their removal efficiency. As the concentration increased from 
500 to 1000 mg.L− 1, the removal efficiency decreased significantly 
from 100% to 60%, respectively, after 90 min of adsorption. How-
ever, at concentrations between 100 and 300 mg.L−1, the material
effectively removed up to 100% of the microplastics in the same
time period. These results underscore the excellent adsorption
capacity of the TIM material, which is approximately 500 mg.g−1
under atmospheric pressure and ambient temperature (30 °C). This
Fig. 14. (A) Nitrogen adsorption–desorption isotherms, and (B) por

12
shows the material’s effective adsorption at lower concentrations
of PSMPs.

SEM and FT–IR analyses were employed to examine the PSMPs 
loading capacity of the TIM material after 90 min of the adsorption 
process, providing more detailed insights into the adsorption 
mechanism. SEM imaging of TIM after adsorption revealed that
the PSMPs were spherical in shape and exhibited a uniform distri-
bution across the material surface, as shown in Fig. 13b. 

The FT-IR spectrum of TIM after adsorption reveals characteris-
tic vibration peaks corresponding to PSMPs (Fig. 13c). Specifically, 
a peak at 695 cm−1 is observed, which corresponds to the out-of-
plane phenyl ring vibration [63]. The peak at 1060 cm−1 is attribu-
ted to in-plane C–H vibrations, while peaks at 2968 cm−1 and 
2898 cm−1 correspond to aliphatic C–H stretching vibrations. A
band at 1560 cm−1 indicates C–C bond stretching vibrations of
aromatic compounds [52]. These features align with the styrene
e size distributions of TIM before and after PSMPs adsorption.
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structure, verifying that PSMPs were successfully adsorbed onto
the TIM surface.

In addition, the pore characteristics of the composite TIM after 
saturated adsorption of PSMPs were analyzed. As shown in Fig. 14, 
the BET surface area and pore volume of the TIM after PSMPs 
adsorption were found to be 949.2 m2 g−1 and 0.578 cm3 g−1 , 
respectively. Meanwhile, the BET surface area and pore volume 
of the original TIM were 956 m2 g−1 and 0.60 cm3 g−1, respectively.
This difference between the TIM samples before and after adsorp-
tion indicates that PS microplastics had occupied the pore struc-
ture of the TIM after adsorption.

3.4. Stability and reusability of TiO2 @In2S3/MIL-101(Cr)

To assess the stability and reusability of the adsorbent, TIM was 
regenerated after saturated adsorption of PSMPs using anhydrous 
ethanol as the solvent. The adsorbent was separated, dispersed into 
the solvent, and shaken for 30 min on a shaker, then filtered using 
a 0.1 lm filter. Subsequently, the adsorbent was thoroughly rinsed
multiple times with distilled water to eliminate any remaining sol-
vent. Once fully eluted, TIM was dried at 70 °C for 3 h and reused in
subsequent adsorption cycles.

Ethanol was chosen for the regeneration process due to its 
ethoxide groups, which enhance the solubility of PSMPs without 
compromising the structure and active sites of the adsorbent. 
The adsorption efficiency of the regenerated TIM decreased slightly
from 97% in the first cycle to 96% in the second, 95% in the third,
and finally 94% in the fourth cycle, as shown in Fig. 12e. This grad-
ual decrease is likely attributable to the use of ethanol, which
Fig. 15. (a) Ex situ XRD of TIM fresh and after PS microplastic adsorption, (b) nitro

Table 2 
Comparison of the adsorption efficiency of PS microplastics on various materials.

Materials MP type MP conc. (mg.L− 1) Adsorbent dosag

ZIF-67 MOF PS 0.5 0.4
Zn loaded biochar PS 100 1.0
g-C3N4/CQD/Fe8Ni2BTC PS 1200 2.5
2D MOF@C@FeO PS 1000 3.0
Nano-Fe@ZIF-8 PS 25 0.02
TiO2@In2S3/MIL-101(Cr) PS 500 0.3
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effectively dissolves PSMPs while exerting minimal impact on the
performance of the adsorbent.

To assess the material’s structural stability, XRD and BET analy-
ses were conducted on the sample after five consecutive adsorp-
tion cycles (Fig. 15). The results showed that the BET surface area 
was 951.4 m2 .g−1 , which is very similar to the original surface area 
of TIM (956 m2 .g −1). Additionally, XRD analysis confirmed that the
material’s structural characteristics remained intact, further sup-
porting its excellent stability over multiple cycles.

Table 2 demonstrates the superiority of the heterostructure in 
TIM, which not only exhibits superior adsorption efficiency but 
also requires shorter adsorption times while effectively removing
both pollutants. This makes it a promising candidate for large-
scale industrial applications.

3.5. Simultaneous removal of polystyrene microplastic and
tetracycline

TIM was further tested in a binary system containing both 
PSMPs and TC. In the simultaneous removal experiment, PSMPs 
were removed by 78% after 90 min and completely removed
(100%) after 180 min, while TC reached 100% removal efficiency
after 240 min under visible light irradiation (Fig. 16). This 
improved performance is due to the combination of active phases 
that boost charge separation, reduce the recombination of photo-
generated holes and electrons, and enable efficient charge carrier
transfer. These results are corroborated by UV–Vis DRS and EIS
data, as presented in Fig. 7. Consequently, the TIM material has 
demonstrated excellent simultaneous treatment of PSMPs and TC
gen adsorption–desorption isotherm of TIM after PS microplastic adsorption.

e (g.L− 1) Removal time (min) Removal efficiency (%) Refs. 

19.8 92.1 [21] 
300 99 [64] 
45 100 [29] 
60 100 [20] 
5 ≥ 98 [65] 
90 100 This study 
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Fig. 16. (a) Removal efficiency and (b) UV–vis spectroscopy for the simultaneous removal of TC (30 mg.L −1) and PSMPs (500 mg.L−1) from water using TIM sample.

Fig. 17. Recycling tests of TIM composite for simultaneous removal of PSMPs and
TC.
in water via a combination of adsorption and photocatalytic
processes.

To evaluate the reusability of the TIM composite after the 
simultaneous removal of PSMPs and TC, the composite was col-
lected by centrifugation, washed, and reused in subsequent cycles
under the same reaction conditions. As shown in Fig. 17, the TIM 
composite demonstrated good reusability in PSMPs removal, with 
the removal efficiency remaining nearly unchanged after five reac-
tion cycles. Moreover, the photocatalytic activity for TC degrada-
tion was also maintained, with the degradation efficiency slightly 
decreasing from 100% in the first cycle to 96% in the fifth cycle.
These results indicate that the TIM composite exhibits good stabil-
ity and reusability for the simultaneous removal of PSMPs and TC,
which is crucial for its potential practical applications.

4. Conclusion 

This study demonstrated the successful synthesis of a ternary 
TiO2@In2 S3/MIL-101(Cr) nanocomposite with outstanding multi-
14
functional performance in water purification. The composite 
achieved complete removal of polystyrene microplastics 
(500 mg L−1 ) within 90 min and 97% degradation of tetracycline 
(30 mg L−1 ) within 210 min under visible-light irradiation, while 
in mixed-pollutant systems it achieved 100% removal of both con-
taminants within 240 min. Such superior activity is attributed to 
the synergistic integration of TiO2 and In2S3 within the MIL-101 
(Cr) framework, which promotes efficient charge separation, 
extended light absorption, and high surface area for adsorption.
In addition, TIM exhibited excellent reusability, retaining 94% effi-
ciency after four cycles, as well as structural stability and effective
performance across a broad pH range. These results highlight TIM
as a promising candidate for advanced water treatment, providing
a versatile and robust platform for the simultaneous elimination of
microplastics and pharmaceutical pollutants under environmen-
tally relevant conditions.

CRediT authorship contribution statement

Xuan N. Pham: . Hong Van T. Nguyen: Writing – original draft, 
Methodology, Data curation. Hoa T. Nguyen: Writing – original 
draft, Methodology, Data curation. Manh B. Nguyen: Writing – 
original draft, Software, Formal analysis, Data curation. T.-Thanh-
Bao Nguyen: Formal analysis, Data curation. Quang Vinh Tran:
Writing – review & editing. Huan V. Doan: Writing – review &
editing, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relations hips that could have appeared
to influence the work reported in this paper.

Acknowledgments 

The authors would like to express their sincere gratitude to the 
Ministry of Education and Training of Vietnam for the financial
support provided through grant No. B2024.MDA-10.

Appendix A. Supplementa ry data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.apt.2026.105183.

move_f0085
https://doi.org/10.1016/j.apt.2026.105183


X.N. Pham, Hong Van T. Nguyen, H.T. Nguyen et al. Advanced Powder Technology 37 (2026) 105183
References 

[1] S.M. Lam, J.C. Sin, H. Zeng, H. Lin, H. Li, Y.Y. Chai, M.K. Choong, A.R. Mohamed, 
Green synthesis of Fe-ZnO nanoparticles with improved sunlight
photocatalytic performance for polyethylene film deterioration and bacterial
inactivation, Mater. Sci. Semicond. Process 123 (2021) 105574. https://doi.org/ 
10.1016/j.mssp.2020.105574. 

[2] T.S. Galloway, C.N. Lewis, Marine microplastics spell big problems for future
generations, Environ. Sci. 113 (2016) 2331–2333. https://doi.org/10.1073/ 
pnas.1600715113. 

[3] M. Schwarzer, J. Brehm, M. Vollmer, J. Jasinski, C. Xu, M. Schott, A. Greiner, T. 
Scheibel, S. Zainuddin, T. Fr, C. Laforsch, Shape, size, and polymer dependent
effects of microplastics on Daphnia magna, J. Hazard. Mater. 426 (2022) 1010–
1016. https://doi.org/10.1016/j.jhazmat.2021.128136. 

[4] Q. Liu, L. Liu, J. Huang, L. Gu, Y. Sun, L. Zhang, K. Lyu, Z. Yang, The response of 
life history defense of cladocerans under predation risk varies with the size
and concentration of microplastics, J. Hazard. Mater. 427 (2022) 127913.
https://doi.org/10.1016/j.jhazmat.2021.127913. 

[5] H.V.T. Nguyen, M.B. Nguyen, H.V. Doan, X.N. Pham, A green synthesis of 
CuInS2/MIL-101(Cr) nanocomposite with efficient visible light induced
photocatalytic activity, Mater. Res. Express 10 (2023) 085506. https://doi. 
org/10.1088/2053-1591/acf18f. 

[6] Y. Amangelsin, Y. Semenova, M. Dadar, M. Aljofan, G. Bjørklund, The impact of 
tetracycline pollution on the aquatic environment and removal strategies,
Antibiotics 12 (2023) 1–15. https://doi.org/10.3390/antibiotics12030440. 

[7] A.E. Rubin, I. Zucker, Interactions of microplastics and organic compounds in 
aquatic environments: a case study of augmented joint toxicity, Chemosphere
289 (2022) 133212. https://doi.org/10.1016/j.chemosphere.2021.133212. 

[8] K. Nakata, A. Fujishima, TiO2 photocatalysis: Design and applications, J. 
Photochem. Photobiol. C Photochem. Rev. 13 (2012) 169–189. https://doi. 
org/10.1016/j.jphotochemrev.2012.06.001. 

[9] W. Fa, L. Guo, J. Wang, R. Guo, Z. Zheng, F. Yang, Solid-phase photocatalytic 
degradation of polystyrene with TiO2/Fe(St)3 as catalyst, J. Appl. Polym. Sci.
128 (2013) 2618–2622. https://doi.org/10.1002/app.37751. 

[10] S.S. Ali, I.A. Qazi, M. Arshad, Z. Khan, T.C. Voice, C.T. Mehmood, Photocatalytic 
degradation of low density polyethylene (LDPE) films using titania nanotubes,
Environ. Nanotechnol. Monit. Manag. 5 (2016) 44–53. https://doi.org/10.1016/ 
j.enmm.2016.01.001. 

[11] B. Chai, T. Peng, P. Zeng, J. Mao, Synthesis of floriated In2S3 decorated with TiO2 
nanoparticles for efficient photocatalytic hydrogen production under visible
light, J. Mater. Chem. 21 (2011) 14587–14593. https://doi.org/10.1039/ 
C1JM11566A. 

[12] Y. Yang, H.Y. Tan, B. Cheng, J.J. Fan, J.G. Yu, W. Ho, Near-Infrared-Responsive
photocatalysts, Small Methods 5 (2021) 2001042. https://doi.org/10.1002/ 
smtd.202001042. 

[13] M.A. Mahadadalkar, G. Dhakal, S. Sahoo, D.R. Kumar, M.L. Baynosa, V.Q. 
Nguyen, M.S. Sayed, A.M. Rabie, W.K. Kim, J.-J. Shim, Solar light-active S-
scheme TiO2/In2S3 heterojunction photocatalyst for organic pollutants
degradation, J. Ind. Eng. Chem. 124 (2023) 402–411. https://doi.org/10.1016/ 
j.jiec.2023.04.034. 

[14] J. Fu, Q. Xu, J. Low, C. Jiang, J. Yu, Ultrathin 2D/2D WO3/g-C3N4 step-scheme H2-
production photocatalyst, Appl. Catal., B 243 (2019) 556–565. https://doi.org/ 
10.1016/j.apcatb.2018.11.011. 

[15] Q. Xu, L. Zhang, B. Cheng, J. Fan, J. Yu, S-scheme heterojunction photocatalyst,
Chem-Us 6 (2020) 1543–1559. https://doi.org/10.1016/j.chempr.2020.06.010. 

[16] L. Zhang, J. Zhang, H. Yu, J. Yu, Emerging S-scheme photocatalyst, Adv. Mater.
34 (2022) 2107668. https://doi.org/10.1002/adma.202107668. 

[17] Y. Liu, J. Wu, X. Li, J. Chen, Y. Li, X. Luo, T. Xie, Q. Qiu, T. Liang, Highly efficient 
CoTiO3/MOF-derived In2S3 photo-electrocatalysts: Degradation kinetics,
pathways, and mechanism, J. Alloys Compd. 975 (2024) 172921. https://doi. 
org/10.1016/j.jallcom.2023.172921. 

[18] A. Meng, B. Zhu, Y. Zhong, S. Zhou, P. Han, Y. Su, S-scheme heterojunction 
photocatalysts for CO2 conversion: Design, characterization and categories,
Energy Rev. 2 (2023) 100052. https://doi.org/10.1016/j.enrev.2023.100052. 

[19] B. He, Z. Wang, P. Xiao, T. Chen, J. Yu, L. Zhang, Cooperative coupling of H2O2 
production and organic synthesis over a floatable polystyrene-sphere-
supported TiO2/Bi2O3 S-scheme photocatalyst, Adv. Mater. 34 (2022)
2203225. https://doi.org/10.1002/adma.202203225. 

[20] M. Haris, M.W. Khan, A. Zavabeti, N. Mahmood, N. Eshtiaghi, Self-assembly of 
C@FeO nanopillars on 2D-MOF for simultaneous removal of microplastic and
dissolved contaminants from water, Chem. Eng. J. 455 (2023) 140390. https:// 
doi.org/10.1016/j.cej.2022.140390. 

[21] H. Wan, J. Wang, X. Sheng, J. Yan, W. Zhang, Y. Xu, Removal of polystyrene 
microplastics from aqueous solution using the Metal–Organic framework
material of ZIF-67, Toxics 10 (2022) 70. https://doi.org/ 
10.3390/toxics10020070. 

[22] S. Modak, M. Kasula, M.R. Esfahani, Nanoplastics removal from water using 
metal–organic framework: Investigation of adsorption mechanisms, kinetics,
and effective environmental parameters, ACS Appl. Eng. Mater. 1 (2023) 744–
755. https://doi.org/10.1021/acsaenm.2c00174. 

[23] X. Chen, H. Ma, X. Ji, R. Han, K. Pang, Z. Yang, Engineering green MOF-based 
superhydrophobic sponge for efficiently synchronous removal of microplastics
and pesticides from high-salinity water, Water Res. 243 (2023) 120314.
https://doi.org/10.1016/j.watres.2023.120314. 
15
[24] L.R. Arenas, S.R. Gentile, S. Zimmermann, S. Stoll, Nanoplastics adsorption and 
removal efficiency by granular activated carbon used in drinking water
treatment process, Sci. Total. Environ. 791 (2021) 148175. https://doi.org/ 
10.1016/j.scitotenv.2021.148175. 

[25] G. Zhou, X. Huang, H. Xu, Q. Wang, M. Wang, Y. Wang, Q. Li, Y. Zhang, Q. Ye, J. 
Zhang, Removal of polystyrene nanoplastics from water by Cu-Ni carbon
material: the role of adsorption, Sci. Total. Environ. 820 (2022) 153190.
https://doi.org/10.1016/j.scitotenv.2022.153190. 

[26] Y. Tang, S. Zhang, Y. Su, D. Wu, Y. Zhao, B. Xie, Removal of microplastics from
aqueous solutions by magnetic carbon nanotubes, Chem. Eng. J. 406 (2021)
126804. https://doi.org/10.1016/j.cej.2020.126804. 

[27] A. Misra, C. Zambrzycki, G. Kloker, A. Kotyrba, M.H. Anjass, I. Franco Castillo, S. 
G. Mitchell, R. Güttel, C. Streb, Water purification and microplastics removal
using magnetic polyoxometalate-supported ionic liquid phases (magPOM-
SILPs), Angew. Chem. Int. Ed. 59 (2020) 1601–1605. https://doi.org/10.1002/ 
anie.201912111. 

[28] Y.J. Chen, Y. Chen, C. Miao, Y.R. Wang, G.K. Gao, R.X. Yang, H.J. Zhu, J.H. Wang, S. 
L. Li, Y.Q. Lan, Metal–organic framework-based foams for efficient
microplastics removal, J. Mater. Chem. A 8 (2020) 14644–14652. https://doi. 
org/10.1039/d0ta04891g. 

[29] M.B. Nguyen, H.V. Doan, D.L. Hoang Tan, T.D. Lam, Advanced g-C3N4 and 
bimetallic FeNi-BTC integration with carbon quantum dots for removal of
microplastics and antibiotics in aqueous environments, J. Environ Chem. Eng.
12 (2024) 112965. https://doi.org/10.1016/j.jece.2024.112965. 

[30] M.B. Nguyen, D.T. Sy, V.T. Kim Thoa, N.T. Hong, H.V. Doan, Bimetallic Co-Fe-
BTC/CN nanocomposite synthesised via a microwave-assisted hydrothermal 
method for highly efficient Reactive Yellow 145 dye photodegradation, J.
Taiwan. Inst, Chem. Eng. 140 (2022) 104543. https://doi.org/10.1016/j. 
jtice.2022.104543. 

[31] P. Wu, M. Guo, R.-W. Zhang, Q. Huang, G. Wang, Y.-Q. Lan, When 
microplastics/plastics meet metal–organic frameworks: turning threats into
opportunities, Chem. Sci. 15 (2024) 17781–17798. https://doi.org/10.1039/ 
D4SC05205F. 

[32] H.V. Doan, N.T. Nguyen, V. Ting, S. Guan, J.-C. Eloi, S. Hall, X.N. Pham, Improved 
photodegradation of anionic dyes using a complex graphitic carbon nitride and
iron-based metal–organic framework material, Faraday Discuss. 231 (2021)
81–96. https://doi.org/10.1039/D1FD00010A. 

[33] Y. Fang, S.-R. Zhu, M.-K. Wu, W.-N. Zhao, L. Han, MOF-derived In2S3 nanorods 
for photocatalytic removal of dye and antibiotics, J. Solid State. Chem. 266
(2018) 205–209. https://doi.org/10.1016/j.jssc.2018.07.026. 

[34] R.G. Toro, M. Diab, T. de Caro, M. Al-Shemy, A. Adel, D. Caschera, Study of the 
effect of Titanium Dioxide Hydrosol on the Photocatalytic and Mechanical
Properties of Paper Sheets, Materials 13 (2020) 1326. https://doi.org/ 
10.3390/ma13061326. 

[35] X. Zhou, W. Huang, J. Shi, Z. Zhao, Q. Xia, Y. Li, H. Wang, Z. Li, A novel 
MOF/graphene oxide composite GrO@MIL-101 with high adsorption capacity
for acetone, J. Mater. Chem. A 2 (2014) 4722–4730. https://doi.org/10.1039/ 
C3TA15086K. 

[36] C. Zheng, Z. Wang, J. Yuan, Q. Xu, H. Li, X. Lu, J. Gao, W. Yue, A facile synthesis of 
highly efficient In2S3 photocatalysts for the removal of cationic dyes with size-
dependent photocatalysis, RSC Adv. 13 (2023) 4173–4181. https://doi.org/ 
10.1039/D2RA07108H. 

[37] S. Kohzadi, M. Bundschuh, R. Rezaee, N. Marzban, Z. Vahabzadeh, S.A. Johari, B. 
Shahmoradi, N. Amini, A. Maleki, Integrating machine learning with 
experimental investigation for optimizing photocatalytic degradation of
Rhodamine B using neodymium-doped titanium dioxide: a comprehensive
approach with toxicity assessment, Environ. Sci. Pollut. Res. Int. 31 (2024)
55301–55316. https://doi.org/10.1007/s11356-024-34843-0. 

[38] X.N. Pham, V.-T. Vu, H.V.T. Nguyen, T.-T.-B. Nguyen, H.V. Doan, Designing a 
novel heterostructure AgInS2 @MIL-101(Cr) photocatalyst from PET plastic
waste for tetracycline degradation, Nano. Adv. 4 (2022) 3600–3608. https:// 
doi.org/10.1039/D2NA00371F. 

[39] M.S. Alivand, N.H.M.H. Tehrani, M. Shafiei-alavijeh, A. Rashidi, M. Kooti, A. 
Pourreza, S. Fakhaie, Synthesis of a modified HF-free MIL-101(Cr) 
nanoadsorbent with enhanced H2S/CH4, CO2/CH4, and CO2/N2 selectivity, J.
Environ. Chem. Eng. 7 (2019) 102946. https://doi.org/10.1016/ 
j.jece.2019.102946. 

[40] Y.-F. Chen, C.-Y. Lee, M.-Y. Yeng, H.-T. Chiu, The effect of calcination 
temperature on the crystallinity of TiO2 nanopowders, J. Cryst. Growth. 247
(2003) 363–370. https://doi.org/10.1016/S0022-0248(02)01938-3. 

[41] X. Huang, Q. Hu, L. Gao, Q. Hao, P. Wang, D. Qin, Adsorption characteristics of 
metal–organic framework MIL-101(Cr) towards sulfamethoxazole and its
persulfate oxidation regeneration, RSC Adv. 8 (2018) 27623–27630. https:// 
doi.org/10.1039/c8ra04789h. 

[42] Z. Man, Y. Meng, X. Lin, X. Dai, L. Wang, D. Liu, Assembling UiO-66@TiO2 
nanocomposites for efficient photocatalytic degradation of dimethyl sulfide,
Chem. Eng. J. 431 (2022) 133952. https://doi.org/10.1016/j.cej.2021.133952. 

[43] C.-C. Wang, X. Wang, W. Liu, The synthesis strategies and photocatalytic 
performances of TiO 2/MOFs composites: a state-of-the-art review, Chem. Eng.
J. 391 (2020) 123601. https://doi.org/10.1016/j.cej.2019.123601. 

[44] C. Liu, B. Zhang, E. Liu, X. Hu, Q.Q. Hao, J. Fan, Nano composite of CuInS2 /ZnO
with improved photocatalytic activity of degradation and hydrogen
production, Opt. Mater. 109 (2020) 110379. https://doi.org/10.1016/j. 
optmat.2020.110379.

https://doi.org/10.1016/j.mssp.2020.105574
https://doi.org/10.1016/j.mssp.2020.105574
https://doi.org/10.1073/pnas.1600715113
https://doi.org/10.1073/pnas.1600715113
https://doi.org/10.1016/j.jhazmat.2021.128136
https://doi.org/10.1016/j.jhazmat.2021.127913
https://doi.org/10.1088/2053-1591/acf18f
https://doi.org/10.1088/2053-1591/acf18f
https://doi.org/10.3390/antibiotics12030440
https://doi.org/10.1016/j.chemosphere.2021.133212
https://doi.org/10.1016/j.jphotochemrev.2012.06.001
https://doi.org/10.1016/j.jphotochemrev.2012.06.001
https://doi.org/10.1002/app.37751
https://doi.org/10.1016/j.enmm.2016.01.001
https://doi.org/10.1016/j.enmm.2016.01.001
https://doi.org/10.1039/C1JM11566A
https://doi.org/10.1039/C1JM11566A
https://doi.org/10.1002/smtd.202001042
https://doi.org/10.1002/smtd.202001042
https://doi.org/10.1016/j.jiec.2023.04.034
https://doi.org/10.1016/j.jiec.2023.04.034
https://doi.org/10.1016/j.apcatb.2018.11.011
https://doi.org/10.1016/j.apcatb.2018.11.011
https://doi.org/10.1016/j.chempr.2020.06.010
https://doi.org/10.1002/adma.202107668
https://doi.org/10.1016/j.jallcom.2023.172921
https://doi.org/10.1016/j.jallcom.2023.172921
https://doi.org/10.1016/j.enrev.2023.100052
https://doi.org/10.1002/adma.202203225
https://doi.org/10.1016/j.cej.2022.140390
https://doi.org/10.1016/j.cej.2022.140390
https://doi.org/10.3390/toxics10020070
https://doi.org/10.3390/toxics10020070
https://doi.org/10.1021/acsaenm.2c00174
https://doi.org/10.1016/j.watres.2023.120314
https://doi.org/10.1016/j.scitotenv.2021.148175
https://doi.org/10.1016/j.scitotenv.2021.148175
https://doi.org/10.1016/j.scitotenv.2022.153190
https://doi.org/10.1016/j.cej.2020.126804
https://doi.org/10.1002/anie.201912111
https://doi.org/10.1002/anie.201912111
https://doi.org/10.1039/d0ta04891g
https://doi.org/10.1039/d0ta04891g
https://doi.org/10.1016/j.jece.2024.112965
https://doi.org/10.1016/j.jtice.2022.104543
https://doi.org/10.1016/j.jtice.2022.104543
https://doi.org/10.1039/D4SC05205F
https://doi.org/10.1039/D4SC05205F
https://doi.org/10.1039/D1FD00010A
https://doi.org/10.1016/j.jssc.2018.07.026
https://doi.org/10.3390/ma13061326
https://doi.org/10.3390/ma13061326
https://doi.org/10.1039/C3TA15086K
https://doi.org/10.1039/C3TA15086K
https://doi.org/10.1039/D2RA07108H
https://doi.org/10.1039/D2RA07108H
https://doi.org/10.1007/s11356-024-34843-0
https://doi.org/10.1039/D2NA00371F
https://doi.org/10.1039/D2NA00371F
https://doi.org/10.1016/j.jece.2019.102946
https://doi.org/10.1016/j.jece.2019.102946
https://doi.org/10.1016/S0022-0248(02)01938-3
https://doi.org/10.1039/c8ra04789h
https://doi.org/10.1039/c8ra04789h
https://doi.org/10.1016/j.cej.2021.133952
https://doi.org/10.1016/j.cej.2019.123601
https://doi.org/10.1016/j.optmat.2020.110379
https://doi.org/10.1016/j.optmat.2020.110379


X.N. Pham, Hong Van T. Nguyen, H.T. Nguyen et al. Advanced Powder Technology 37 (2026) 105183
[45] M.B. Nguyen, P.T. Lan, N.T. Anh, N.N. Tung, S. Guan, V.P. Ting, T.T.B. Nguyen, 
H.V. Doan, M.T. Tung, T.D. Lam, Ternary heterogeneous Z-scheme 
photocatalyst TiO2/CuInS2 /OCN incorporated with carbon quantum dots
(CQDs) for enhanced photocatalytic degradation efficiency of reactive yellow
145 dye in water, RSC Adv 13 (2023) 35339–35348. https://doi.org/10.1039/ 
d3ra07546j. 

[46] F. Xu, J. Zhang, B. Zhu, J. Yu, J. Xu, CuInS2 sensitized TiO2 hybrid nanofibers for
improved photocatalytic CO2 reduction, Appl. Catal. B Environ. 230 (2018)
194–202. https://doi.org/10.1016/j.apcatb.2018.02.042. 

[47] Y.C. Chu, T.J. Lin, Y.R. Lin, W.L. Chiu, B.S. Nguyen, C. Hu, Influence of P,S,O-
Doping on g-C3 N4 for hydrogel formation and photocatalysis: an experimental
and theoretical study, Carbon 169 (2020) 338–348. https://doi.org/10.1016/ 
j.carbon.2020.07.053. 

[48] C. Saka, Surface modification with oxygen doping of g-C3N4 nanoparticles by 
carbon vacancy for efficient dehydrogenation of sodium borohydride in
methanol, Fuel 310 (2022) 122444. https://doi.org/10.1016/ 
j.fuel.2021.122444. 

[49] D. Le, T.D.V. Nguyen, P.T. Dang, P.T.H. Yen, M.B. Nguyen, Enhancing the 
degradation efficiency of dimethyl nitrophenyl Phosphate, a chemical warfare 
agent Simulant, through acid sites in bimetallic Metal-Organic framework Ti-
MOF-808(Zr): Synergistic roles of Lewis and Brønsted acids, Appl. Surf. Sci. 655
(2024) 159588. https://doi.org/10.1016/j.apsusc.2024.159588. 

[50] M.B. Nguyen, L.H.T. Nguyen, M.T. Le, N.Q. Tran, N.H.T. Tran, P.H. Tran, A.T.T. 
Pham, L.D. Tran, T.L.H. Doan, Engineering direct Z-scheme GCN/bimetallic-
MOF heterojunctions as efficient and recyclable photocatalysts for enhancing
degradation of RR 195 under visible light, J. Ind. Eng. Chem. 134 (2024) 217–
230. https://doi.org/10.1016/j.jiec.2023.12.052. 

[51] Y. Wang, Y. Zhang, Z. Jiang, G. Jiang, Z. Zhao, Q. Wu, C. Xu, Controlled 
fabrication and enhanced visible-light photocatalytic hydrogen production of
Au@CdS/MIL-101 heterostructure, Appl. Catal. b: Environ. 185 (2016) 307–
314. https://doi.org/10.1016/j.apcatb.2015.12.020. 

[52] J. Zhuang, C.H. Kuo, L.Y. Chou, D.Y. Liu, E. Weerapana, C.K. Tsung, Rational 
integration of metal–organic frameworks and semiconductors for enhanced
photocatalysis, Chem. Soc. Rev. 49 (2020) 3629–3652. https://doi.org/10.1039/ 
C9CS00838G. 

[53] Y. Yang, B. Cheng, J. Yu, L. Wang, W. Ho, TiO2/In2S3 S-scheme photocatalyst 
with enhanced H2O2-production activity, Nano Res. 16 (2023) 4506–4514.
https://doi.org/10.1007/s12274-021-3733-0. 

[54] K.M. Nair, P. Ganguly, S. Mathew, V. Kumaravel, S.C. Pillai, TiO2 based Z-
scheme photocatalysts for energy and environmental applications. In
heterostructured photocatalysts for solar energy conversion. Copyright ©
2021 Elsevier Inc. All rights reserved. 257-282.
16
[55] R.K. Parashar, P. Jash, M. Zharnikov, P.C. Mondal, Metal-organic frameworks in 
semiconductor devices, Angew. Chem. Int. Ed. 63 (2024) e202317413. https:// 
doi.org/10.1002/anie.202317413. 

[56] F. Zhao, Y. Liu, S.B. Hammouda, B. Doshi, N. Guijarro, X. Min, C.-J. Tang, M. 
Sillanpää, K. Sivula, S. Wang, MIL-101(Fe)/g-C3N4 for enhanced visible-light-
driven photocatalysis toward simultaneous reduction of Cr (VI) and oxidation
of bisphenol a in aqueous media, Appl. Catal. b: Environ. 272 (2020) 119033.
https://doi.org/10.1016/j.apcatb.2020.119033. 

[57] D. Wang, S. Li, Q. Feng, Supramolecular self-assembled carbon nitride for the 
degradation of tetracycline hydrochloride, J. Mater. Sci. Mater. Electron. 29
(2018) 9380–9386. https://doi.org/10.1007/s10854-018-8970-y. 

[58] P. Punamiya, D. Sarkar, S. Rakshit, R. Datta, Effectiveness of aluminum-based 
drinking water treatment residuals as a novel sorbent to remove tetracyclines
from aqueous medium, J. Environ. Qual. 42 (2013) 1449–1459. https://doi.org/ 
10.2134/jeq2013.03.0082. 

[59] B. Liu, J. Zhang, H. Li, B. Cheng, C. Bie, MOF-derived ZnO/PANI S-scheme 
heterojunction for efficient photocatalytic phenol mineralization coupled with
H2O2 generation, Acta Phys.-Chim. Sin. 41 (2025) 100121. https://doi.org/ 
10.1016/j.actphy.2025.100121. 

[60] L. Zhang, J. Zhang, J. Yu, H. García, Charge-transfer dynamics in S-scheme
photocatalyst, Nat. Rev. Chem. 9 (2025) 328–342. https://doi.org/10.1038/ 
s41570-025-00698-3. 

[61] B. Bhargawa, T.V. Tam, A. Kumar, S.K. Lakhera, S.H. Hong, W.M. Choi, Ik-K. Yoo, 
Optimized g-C3N4/TiO2 composites for visible-light-driven sonophotocatalysis
in norfloxacin removal, EnSviron. Res. 278 (2025) 121645. Doi: 10.1016/j.
envres.2025.121645

[62] S.K. Lakhera, K.P. Kangeyan, S.C. Yazhini, A.S. Golda, N. Bernaurdshaw, 
Advances in hybrid strategies for enhanced photocatalytic water splitting:
Bridging conventional and emerging methods, Appl. Phys. Rev. 11 (2024)
041305. https://doi.org/10.1063/5.0218539. 

[63] S. Lu, K. Zhu, W. Song, G. Song, D. Chen, T. Hayat, N.S. Alharbi, C. Chen, Y. Sun, 
Impact of water chemistry on surface charge and aggregation of polystyrene
microspheres suspensions, Sci. Total. Environ. 630 (2018) 951–959. https:// 
doi.org/10.1016/j.scitotenv.2018.02.296. 

[64] J. Wang, C. Sun, Q.X. Huang, Y. Chi, J.H. Yan, Adsorption and thermal 
degradation of microplastics from aqueous solutions by Mg/Zn modified
magnetic biochars, J. Hazard. Mater. 419 (2021) 126486. https://doi.org/ 
10.1016/j.jhazmat.2021.126486. 

[65] F. Pasanen, R.O. Fuller, F. Maya, Fast and simultaneous removal of 
microplastics and plastic-derived endocrine disruptors using a magnetic ZIF-
8 nanocomposite, Chem. Eng. J. 455 (2023) 140405. https://doi.org/10.1016/j. 
cej.2022.140405.

https://doi.org/10.1039/d3ra07546j
https://doi.org/10.1039/d3ra07546j
https://doi.org/10.1016/j.apcatb.2018.02.042
https://doi.org/10.1016/j.carbon.2020.07.053
https://doi.org/10.1016/j.carbon.2020.07.053
https://doi.org/10.1016/j.fuel.2021.122444
https://doi.org/10.1016/j.fuel.2021.122444
https://doi.org/10.1016/j.apsusc.2024.159588
https://doi.org/10.1016/j.jiec.2023.12.052
https://doi.org/10.1016/j.apcatb.2015.12.020
https://doi.org/10.1039/C9CS00838G
https://doi.org/10.1039/C9CS00838G
https://doi.org/10.1007/s12274-021-3733-0
https://doi.org/10.1002/anie.202317413
https://doi.org/10.1002/anie.202317413
https://doi.org/10.1016/j.apcatb.2020.119033
https://doi.org/10.1007/s10854-018-8970-y
https://doi.org/10.2134/jeq2013.03.0082
https://doi.org/10.2134/jeq2013.03.0082
https://doi.org/10.1016/j.actphy.2025.100121
https://doi.org/10.1016/j.actphy.2025.100121
https://doi.org/10.1038/s41570-025-00698-3
https://doi.org/10.1038/s41570-025-00698-3
https://doi.org/10.1063/5.0218539
https://doi.org/10.1016/j.scitotenv.2018.02.296
https://doi.org/10.1016/j.scitotenv.2018.02.296
https://doi.org/10.1016/j.jhazmat.2021.126486
https://doi.org/10.1016/j.jhazmat.2021.126486
https://doi.org/10.1016/j.cej.2022.140405
https://doi.org/10.1016/j.cej.2022.140405

	S-scheme TiO2@In2S3/MIL-101(Cr) composite for dual-function removal of polystyrene microplastics and tetracycline in water
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of TiO2@In2S3
	2.3 Synthesis of TiO2@In2S3/MIL-101(Cr) nanocomposite
	2.4 Characterization
	2.5 Photodegradation of tetracycline
	2.6 Adsorption of polystyrene microplastics
	2.7 Simultaneous removal of tetracycline and polystyrene microplastics

	3 Results and discussion
	3.1 Structural, surface morphology and physicochemical properties
	3.2 Photocatalytic degradation of tetracycline
	3.3 Polystyrene microplastic adsorption process
	3.4 Stability and reusability of TiO2@In2S3/MIL-101(Cr)
	3.5 Simultaneous removal of polystyrene microplastic and tetracycline

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




