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A B S T R A C T   

For the first time, TiO2/MIL-100(Fe) photocatalysts supported on perlite mineral particles prepared by the sol
vothermal/microwave methods and post-annealing technique were tested in the degradation of polyethylene 
terephthalate nanoplastics (PET NPs). Powder X-ray diffraction, Fourier transform infrared spectroscopy, ther
mogravimetric analysis, scanning electron microscopy, X-ray photoelectron spectroscopy, UV–vis diffuse 
reflectance spectroscopy, N2 physisorption, photoluminescence emission spectroscopy, photocurrent response, 
and electrochemical impedance spectroscopy were used to characterize the as-prepared materials. The response 
surface methodology approach was used to study the effects: pH of the NPs suspension and incorporated amount 
of MIL-100(Fe) on the TiO2/MIL-100(Fe) catalyst to optimize the photocatalytic degradation of the PET NPs 
under simulated solar light. The degradation of the PET NPs was evaluated by measuring turbidity and carbonyl 
index (FTIR) changes. The total organic carbon (TOC) in the solution during the degradation of the PET NPs was 
assessed to measure NPs oxidation into water-soluble degradation by-products. The active species involved in the 
photocatalytic degradation of PET NPs by the TiO2/MIL-100(Fe) composite was further examined based on 
trapping experiments. The use of 12.5 wt% TiO2/MIL-100(Fe) catalyst showed improved photocatalytic efficacy 
in the oxidation of PET NPs at pH 3 under simulated sunlight compared to bare TiO2. The increase in the 
carbonyl index (CI = 0.99), the reduction in the turbidity ratio (0.454), and the increase in the content of TOC 
released (3.00 mg/L) were possible with 12.5 wt% TiO2/MIL-100(Fe) material. In contrast, the PET NPs were 
slowly degraded by TiO2-based photocatalysis (CI = 0.96, turbidity ratio = 0.539, released TOC = 2.12 mg/L). 
The mesoporous TiO2/MIL-100(Fe) composites with high specific surface area, capacity to absorb visible light, 
and effective separation of photogenerated electron-hole charges clearly demonstrated the enhancement of the 
photocatalytic performance in the PET NPs degradation under simulated solar light.   

1. Introduction 

One of the most prevalent polymers in the aquatic environment and 
in the influent and effluent of wastewater treatment plants (WWTPs) is 
polyethylene terephthalate (PET) [1–3]. PET, a thermoplastic polymer 
from the polyester family, is produced by reacting ethylene glycol and 
terephthalic acid at high temperatures and low vacuum pressures. PET is 
a versatile material frequently used to produce bottles, food containers, 
and synthetic fibers due to its transparency, flexibility, low density, 

strong chemical resistance, and low cost [2]. The worldwide production 
of PET in 2017 was 30.3 million tons [4]. Plastics are accumulated in the 
environment due to improper disposal and resistance to degradation. 
The plastics accumulated in the environment can be fragmented by 
abiotic actions such as solar radiation or mechanics, resulting in the 
so-called microplastics (MPs, <5 mm) and nanoplastics (NPs, <1 µm). 
MPs and NPs are an issue of global concern in the marine environment 
[3,5]. NPs are emerging pollutants that have attracted much attention 
due to their stable nature, negligible degradation, and high permeability 
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to human and animal tissues, leading to metabolic disorders and local 
inflammation [5]. Heterogeneous photocatalysis (HP) has become a 
promising treatment technology for removing MPs and NPs in water 
because of its operability, high efficiency, and low cost [1,6]. In HP, 
electrons (e-) from the valence band (VB) are induced into the conduc
tion band (CB), leaving holes (h+) in the VB when a semiconductor is 
excited with light of an appropriate wavelength. When the photo
generated e- and h+ react with dissolved O2 and H2O respectively, pro
duce highly reactive oxygen species like hydroxyl (•OH) and superoxide 
(O2

•-) radicals that can participate in the degradation of organic con
taminants to generate less toxic compounds and eventually mineralize 
them into CO2 and H2O [7]. The photocatalytic degradation of MPs and 
NPs depends on several critical factors such as plastic properties (par
ticle size, color, surface morphology, hydrophilicity, crystallinity, par
ticle size) and pH value [8,9]. NPs are degraded more readily than MPs 
because the reactivity of •OH is increased at smaller particle sizes and 
bigger plastic surfaces [9]. Photocatalytic degradation of polystyrene 
(PS) NPs at pH 6.3 using TiO2-P25/β-SiC foam under UV-A radiation (60 
W/m2; λmax= 365 nm). was enhanced by reducing the NPs size from 
508 to 140 nm, showing 50% mineralization within 7 h [10]. Jiang et al. 
[11] also drew a similar conclusion, who successfully degraded tiny 
high-density (200–250 µm) polyethylene MPs under visible light using a 
hydroxyl-rich BiOCl photocatalyst with a mass loss of 5.38% within 5 h. 
Other applications of the photocatalytic degradation of PS NPs (<1 µm) 
have been demonstrated by using immobilized TiO2 with a multilayer 
structure which demonstrated 23.5% elimination under UV irradiation 
[12] and 18–23% degradation efficiency using immobilized Cu2O/CuO 
materials under visible light [13]. Recent studies have reported slow 
photocatalytic decomposing of fiber-based PET microplastics using 
Bi2O3@N-TiO2 heterojunction [14] and N‑doped TiO2 nanoflowers 
decorated with Pt nanoparticles [15] using a Xe lamp as the light source. 
The degradation efficiencies of 10.2 and 5.8% as weight loss obtained 
with these catalysts after 48 h of reaction were attributed to PET surface 
oxidation by the photocatalytic process. 

Titanium dioxide (TiO2) is the most widely used photocatalyst for 
environmental applications; however, it is characterized by its large 
band gap (Eg=3.2 eV) and high recombination rate of photoexcited e-/ 
h+ pairs. Coupling TiO2 with other materials is a strategy to reduce the 
Eg of TiO2, increase visible light absorption, and separate photoexcited 
carriers [7,16,17]. Metal-organic frameworks (MOFs) that consist of 
metal clusters and organic linkers [16] are attractive photocatalytic 
materials [16,18]. MOF metal-oxo clusters can be viewed as semi
conductor quantum devices, and organic coordinating ligands are an
tennas that absorb light and transfer photoexcited electrons to the metal 
clusters through a ligand-metal charge transfer (LMCT) mechanism. 
TiO2 acts as the primary catalyst in the composite structure, and the 
MOF, the co-catalyst, is a platform for transporting photogenerated 
electrons [16,17,19]. Among the several MOFs, MIL-100(Fe) from the 
MIL family (Materieux de l′Institut Lavoisier), which comprises Fe(III) 
metal centers linked with 1,3,5-benzene tricarboxylic acid (trimesic 
acid), demonstrates favorable features, including mesoporous voids, 
large surface area, suitable HOMO-LUMO gap (1.80–2.12 eV) with a 
visible light photocatalytic response, high chemical and aqueous sta
bility, and low toxicity [20,21]. The MIL-100(Fe) is usually prepared by 
the hydrothermal method with reaction times between 12 and 70 h and 
temperatures between 130 and 150 ºC [20,22], or by stirring the reac
tion mixture mechanically for 12 h at room temperature [23]. MIL-100 
(Fe) with TiO2 composites have shown higher photocatalytic effective
ness in pollutant degradation compared with the individual components 
[20,22,23]. TiO2/MIL-100(Fe) microspheres prepared by the 
layer-by-layer method showed enhanced photocatalytic performance in 
the methylene blue (MB) degradation under visible light achieving 87% 
mineralization within 120 min [20]. The MIL-100(Fe) loaded on 
N-doped TiO2 nanoparticles achieved 99.1 and 93.5% removal of MB 
and rhodamine B dyes within 180 min under visible light [22]. Some 
examples of TiO2 composites combined with other iron-based MOFs for 

degrading emerging pollutants have also been reported. For instance, 
Liu et al. [23] evaluated the performance of TiO2/MIL-101(Fe) magnetic 
composites prepared by the solvothermal method, followed by anneal
ing at 350 ◦C in the degradation of tetracycline under sunlight, 
achieving 92.76% of efficiency within 10 min. In the present work was 
reported a new method for synthesizing a TiO2/MIL-100(Fe) photo
catalyst by combining the microwave-assisted MIL-100(Fe) method with 
the solvothermal synthesis of the composite, followed by a 
post-annealing thermal treatment. The TiO2/MIL-100(Fe) photo
catalytic activity was evaluated in the degradation of PET NPs. The 
immobilization of the catalyst represents a great opportunity to increase 
the performance and recyclability of the catalyst and allow a straight
forward assessment of the PET NPs degradation. For instance, the pho
tocatalytic removal of NPs was evaluated by using nanocomposite films 
made of N-TiO2 [24], ZnO nanorods produced on glass substrates [25], 
and TiO2 [12] and Cu2O/CuO [13] immobilized on metal surfaces. The 
perlite mineral particles were proposed in this study as an option for 
immobilizing the TiO2-based photocatalysts due to their large porosity 
[26]. Therefore, this work deals with a facile method to synthesize 
MIL-100(Fe) anchored with TiO2 photocatalysts and then supported on 
perlite particles. The performance of the as-prepared catalyst was tested 
for the first time to degrade PET NPs in aqueous suspension under 
simulated sunlight. The PET NPs degradation was assessed by consid
ering the evolution of the carbonyl index in FTIR, the turbidity mea
surements, and water-soluble by-products formed during the 
degradation process, which were indirectly measured by TOC analysis. 

2. Methods 

2.1. Materials and reagents 

All the chemicals were of analytical reagent grade and utilized 
without additional purification. Trifluoroacetic acid (TFA, > 99% pu
rity), sodium dodecyl sulfate (SDS, ≥ 99% purity), ferric (III) chloride 
hexahydrate (FeCl3 6 H2O, ≥ 98% purity), 1,3,5-benzene tricarboxylic 
acid (trimesic acid, ≥ 98% purity), barium sulfate (99% purity), tita
nium isopropoxide (97% purity), 2-propanol (2-PrOH, 99% purity) and 
tert-butanol (t-BuOH, 99% purity) were purchased from Sigma-Aldrich. 
Ethanol (99.6% purity), hydrochloric acid (37.4%), hydrofluoric acid 
(49.7%), isopropanol (99.9% purity), nitric acid (65.2%), and sulfuric 
acid (95–96%) were from Desarrrollo de Especialidades Químicas S.A. 
de C.V. Potassium bromide (99.9% purity), and sodium hydroxide 
(98.6% purity) were from Baker and CTR Scientific, respectively. Perlite 
mineral granules (diameter 2 mm, composition SiO2 67%, Al2O3 13%, 
Na2O 6%, K2O 5%, and CaO < 5%) were supplied by Termolita. 

2.2. Preparation of PET nanoplastics 

According to a previous report, PET-NPs were obtained from 
commercially available water-plastic bottles [27]. The PET bottle was 
cut into small pieces (1 cm × 1 cm), and then, 1 g of PET sample was 
dissolved in 10 mL of 90% v/v TFA at 50 ◦C and stirred for 2 h until it 
was completely dissolved. The solution was then kept at room temper
ature overnight. The micro/nanoplastics were precipitated by adding 
10 mL of 20% v/v TFA to the solution and stirring for 2 h. After the 
precipitation was completed, the supernatant liquid was discarded. The 
pellet was suspended in 100 mL of 0.5% w/v SDS solution, stirred 
vigorously for 15 min, and sonicated for 1 h. The plastics were then 
placed in a 100 mL test tube for 1 h; after collecting the top 50 mL 
suspension, it was washed with water three times to remove the residual 
SDS and dried at 80 ◦C. The collected white solid was stored until 
analysis. 

2.3. TiO2/MIL-100(Fe) synthesis 

The MIL-100(Fe) material was prepared according to a previously 
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reported method [28] with slight modifications using a 
microwave-assisted heating process (supplementary information, SI). 
TiO2/MIL-100(Fe) composites with 5, 12.5, and 20 wt% of MIL-100(Fe) 
were synthesized by the solvothermal method [29]. Briefly, 2.4 × 10− 4, 
6.1 × 10− 4, or 9.7 × 10− 4 moles of MIL-100(Fe) were dispersed in 40 mL 
of ethanol, then 8 mL of titanium (IV) isopropoxide were added and 
stirred for 1 h. 20 mL of ethanol and 8 mL of 1 M HCl were added 
dropwise to this suspension and stirred for 1 h. The resulting mixture 
was transferred to a 100-mL Teflon-lined stainless-steel autoclave and 
heated for 12 h at 180 ◦C. The solid was calcined in an air muffle furnace 
at 350 ◦C for 2 h. Bare TiO2 was synthesized under the same conditions 
without adding MIL-100(Fe). TiO2/MIL-100(Fe) was supported on 
perlite granules using the preparation method previously described [30, 
31]. Briefly, the TiO2/MIL-100(Fe) dispersion was prepared using 0.6 g 
of catalyst added to 15 mL of isopropanol. The mixture was sonicated for 
30 min, then 6 µL of concentrated HNO3 were added and sonicated for 
30 min 1 g of perlite granules (>2 mm mesh size) were pre-washed 3 
times with water and then heated in a muffle furnace at 350 ◦C for 30 
min. Perlite was then gently stirred on the catalyst dispersion for 1 h, 
dried at 80 ◦C for 8 h, and thermally treated at 350 ◦C for 30 min 

2.4. Characterizations 

The morphology and particle size of the PET NPs were evaluated by 
scanning electron microscopy (JEOL JSM 6701 F) in secondary electron 
imaging mode at a voltage of 8.0 kV and a magnification of 50,000X. 
Samples were dispersed in isopropanol and placed in aluminum foil for 
analysis. The functional groups of the PET-NPs were identified using 
Fourier transform infrared spectroscopy (FTIR) on a Shimadzu 
IRAffinity-1 spectrophotometer with samples diluted to 0.5 wt% using 
KBr. 

Different instrumental techniques were used to characterize the 
TiO2/MIL-100(Fe) catalysts. The MIL-100(Fe) was subjected to the 
thermogravimetric analysis on a SDT Q600 V20.9 Build 20 thermogra
vimetric instrument at a heating rate of 10 ◦C/min from 25◦ to 700 ◦C 
and a N2 flow rate of 50 mL/min. Scanning electron microscopy (JEOL 
JSM 6701 F) operating in secondary electron imaging mode at a voltage 
of 8.0 kV and a magnification of 50,000X was applied to characterize the 
morphology of the prepared photocatalysts. Elemental composition was 
investigated by energy-dispersive X-ray spectroscopy using a scanning 
electron microscope (JEOL JSM 6701 F) in secondary electron imaging 
mode at a voltage of 8.0 kV. The iron content in the TiO2/MIL-100(Fe) 
catalysts was determined using a SpectrAA-220 Atomic absorption 
spectrometer (Varian). Varian SpectrAA 220 at. absorption spectrom
eter. The catalysts were digested in 1 mL HF, 3 mL HNO3, and 1 mL HCl 
at 180 ◦C by microwave-assisted digestion for 20 min. The X-ray powder 
diffraction pattern of the solid was measured on a Bruker AXS D2 Phaser 
diffractometer using a Cu (Cu kα λ = 1.5418 Å) radiation anode oper
ating in the 2θ range from 5◦ to 90◦. The average crystal size was 
calculated by applying the Scherrer equation to the (101) diffraction 
peak of anatase TiO3, The adsorption-desorption isotherms were ob
tained using a nitrogen adsorption-desorption instrument (Micro
meritics Tristar II 3020) at − 196 ◦C. Following a 12-hour degassing 
period at 150 ◦C, the samples were measured. The specific surface area 
and pore size distribution were calculated by the Brunauer-Emmett- 
Teller (BET) method and the Barrett-Joyner-Halenda (BJH) method, 
respectively. 

Fourier transform infrared spectrophotometry (Shimadzu IRAffinity- 
1 spectrophotometer) was used to identify functional groups in mate
rials. To prepare the KBr pellets, 0.5 mg of powdered material was 
combined with 99.5 mg of KBr in an agate mortar. UV–vis diffuse 
reflectance (DRS) spectra of powder samples were recorded in the 
200–700 nm range on a Nicolet Evolution 300 UV-Vis Spectrophotom
eter (Thermo Fischer Scientific) equipped with the TFS mantis acces
sory. BaSO4 was used for background correction. The band gap of the 
materials was calculated using the Kubelka-Munk method. The 

photoluminescence (PL) emission spectra of the powdered catalysts at 
315 nm excitation wavelength were recorded using a Perkin Elmer UV- 
Vis fluorescence spectrometer (model LS-55). The surface electronic 
states of the materials were investigated using X-ray photoelectron 
spectroscopy (XPS, K-Alpha, Thermo Fischer Scientific) using a mono
chromatic Al-Kα radiation source of 1486.6 eV. The binding energies 
were calibrated to the main peak of C1s at 284.6 eV. A three-electrode 
configuration with a BASi Epsilon potentiostat consisting of a Pt plate 
as the counter electrode and Ag/AgCl as the reference electrode was 
used to conduct the electrochemical experiments. The working electrode 
was prepared with 30 mg of catalyst combined with 400 µL of Nafion® 

and 600 µL of ethanol, and stirred for 30 min in an ultrasonic bath. The 
mixture was deposited onto FTO glass (1.96 cm2 active area) using the 
drop-casting technique, and then it was dried at 70 ◦C for 60 min. The 
experiments were conducted in a 125 cm3 quartz cell with a 0.5 M 
Na2SO4 aqueous solution as a supporting electrolyte. 

During the transient photocurrent response testing, a 300-W Xe lamp 
with a cut-off filter (300–1100 nm) was employed as the light source. 

The TiO2/MIL-100(Fe) supported on perlite mineral particles was 
characterized by the SEM/EDS and XRD techniques. 

2.5. Photocatalytic experiments 

The as-prepared TiO2/MIL-100(Fe) was used in the photocatalytic 
degradation of PET NPs under simulated sunlight. The photocatalytic 
experiments were carried out in a batch reactor (200 mL) containing 
100 mg/L of PET NPs in water suspension (pre-sonicated for 30 min). 
First, the PET NPs suspension was adjusted to the desired pH value with 
1 M H2SO4 or 0.1 M NaOH. The supported catalyst (0.125 g/L catalyst 
loading) was immobilized inside the reactor in a fine mesh stainless steel 
basket (4.2 ×4.2 ×4.4 cm). The PET NPs suspension was irradiated with 
an Atlas Sun Test XLS+ solar simulator (Xe lamp 300–800 nm) at an 
intensity of 30 W/m2 (5-h reaction time). Samples were taken every 100 
kJ/m2 until the accumulated UV energy reached 600 kJ/m2. The 
turbidity of the samples collected during the photocatalytic reaction was 
analyzed (portable nephelometer Lovibond TB 250 WL). FTIR spec
troscopy was used to analyze the PET NPs in KBr pellets before and after 
the photocatalytic reaction. The carbonyl index (CI) was used to deter
mine the degree of oxidation. The CI was calculated from the ratio of 
absorbance at 1710 cm− 1 (carbonyl, C––O) and 1508 cm− 1 (aromatic, 
C––C) peak heights [32]. The content of total organic carbon (TOC) 
resulting from the water-soluble degradation by-products generated 
during the photocatalytic reaction was determined in the filtered solu
tion (Phenex RC 0.45 µm syringe filter) using a TOC analyzer (TOC-V 
CSH, Shimadzu). 

The response surface methodology using the face-centered central 
composite design was chosen to determine the influence of the following 
two factorsː 1) incorporated amount of MIL-100(Fe) in the TiO2 pho
tocatalyst (5, 12.5, and 20 wt% levels) and 2) pH of the PET NPs sus
pension (3, 4.5, and 6 levels) during the photocatalytic degradation of 
100 mg/L of PET NPs using a 0.125 g/L catalyst loading. The response 
used to assess the degradation was the carbonyl index (FTIR analysis) at 
accumulated energy of 600 kJ/m2 (SI, Table S1). 

Under the optimized conditions for the photocatalytic degradation of 
PET NPs using TiO2/MIL-100(Fe), the photolysis and photocatalysis 
over TiO2 and TiO2/MIL-100(Fe) in the presence of scavenger agents 
were performed. The reactive species responsible for the photocatalytic 
degradation of PET NPs were studied using t-butanol (t-BuOH) to inhibit 
HO• and 2-propanol (2-PrOH) to inhibit both HO• and h+ employing a 
molar ratio of 1:100 (pollutant: scavenger agent) [33]. 

3. Results and discussion 

3.1. Characterization of materials 

The PET NPs produced from commercially available PET water 
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plastic bottles were characterized by SEM and FTIR spectroscopy 
(Fig. S1). The formation of spherical particle aggregates with homoge
neous size distribution and an average size of 111 ± 51 nm was observed 
(Fig. S1a), classifying them as NPs (diameter < 1 µm) [3,5]. Aggregates 
of PET NPs have also been described in earlier studies [34,35]. The FTIR 
spectrum of the NPs (Fig. S1b) shows a symmetrical stretching band at 
1718 cm− 1 corresponding to the C––O bond, two stretching modes, a 
strong peak at 1255 cm− 1 and a doublet at 1124 cm− 1 for the C(=O)-O 
and C-O groups. The absorption band at 2960 cm− 1 is assigned to the 
asymmetric stretching vibration of the C-H bond. The three stretching 
vibrations at 1020, 873, and 727 cm− 1 are assigned to the out-of-plane 
vibrations of the C–H bond of the aromatic ring, while the stretch signal 
at 1506 cm− 1 is assigned to the aromatic backbone stretching the C––C 
bond. The FTIR spectrum of PET NPs was consistent with those previ
ously reported in the literature for PET [27,34,35]. 

Thermogravimetric analysis is an important tool for studying the 
thermal stability of MIL-100(Fe) metal-organic frameworks. Fig. S2 
depicts the thermogram, which shows three stages of weight loss. The 
water and solvent being trapped in the pores of the MOF caused the first 
weight loss (approximately 20%) between 25 ◦C and 150 ◦C. The second 
loss (35%) occurred between 150 ◦C and 350 ◦C due to the removal of 
unbound linkers trapped in the porous material. In comparison, the third 
loss (~65%) occurred between 350 ◦C and 550 ◦C due to the framework 
decomposition and iron reduction. When the temperature was raised 
above 550 ◦C, the weight of MIL-100(Fe) barely changed, indicating that 
the organic ligands were pyrolyzed. This finding was similar to those in 
previous studies [20,36], the TiO2/MIL-100(Fe) composites were 
therefore calcined at 350 ◦C. 

The morphology of the prepared materials was observed by SEM 
analysis. The SEM image of MIL-100(Fe) is shown in Fig. 1a. The crystals 
did not show an octahedral shape [37], observing agglomerates of 
flaky-like particles, in agreement with a previous study [38]. The par
ticle sizes range from 35 to 65 nm. The EDS measurements (Fig. 1d) 
revealed the presence of Fe, O, and C. The content estimated experi
mentally by EDS (25.51 wt% of Fe, 38.97 wt% of O, and 32.91 wt% of C) 

was comparable to the theoretical values for the condensed formula of 
the MOF (Fe3H17O16C18). 

The SEM images of TiO2 and TiO2/MIL-100(Fe) 12.5 wt% compos
ites are shown in Figs. 1b and 1c. The samples consisted of spherical 
nanoparticles that tend to agglomerate. The incorporation of MIL-100 
(Fe) into the TiO2 particles increased the particle size of TiO2, 
observing a slightly smaller particle size in TiO2 (29 ± 6 nm) than that 
in the TiO2/MIL-100(Fe) 12.5 wt% composite (54 ± 15 nm). The signals 
corresponding to Ti, O, and Fe were observed in the EDS map of the 
TiO2/MIL-100(Fe) 12.5 wt% composite (Fig. 1e). In contrast, Ti and O 
were observed in the TiO2 sample (Fig. 1f). The semiquantitative anal
ysis showed that incorporated iron from MIL-100(Fe) into the TiO2/MIL- 
100(Fe) composite corresponded to 3.08 wt%, showing excellent 
agreement with the theoretical Fe content (3.19 wt%) [37,38]. 

The total Fe content in the composites was determined by AAS after 
the digestion of catalyst samples. Iron content was related to MIL-100 
(Fe) incorporated into TiO2. The obtained results were compared with 
the theoretical amount added during the synthesis (Table 1). The iron 
incorporated as MIL-100(Fe) was close to the theoretical value added 
with an error of less than 12%, demonstrating that the hydrothermal 
synthesis method can successfully incorporate MIL-100(Fe) into TiO2. 

The SEM/EDS further characterized the supported catalyst revealing 
that perlite mineral particles showed high porosity, which makes this 
material an effective support for TiO2-based catalysts (Fig. S3a). The 
acidic dispersion of TiO2/MIL-100(Fe) was deposited on the perlite 
mineral, forming a uniform perlite coating (Fig. S3b). The EDS spectrum 
of the perlite mineral grains showed the aluminosilicate structure 
composition (Fig. S3c) [31]. In contrast, the EDS pattern of perlite 
coated with TiO2/MIL-100(Fe) (Fig. S3d) presented titanium (47.50 wt 
%), oxygen (14.28 wt%), iron (2.50 wt%) and a small amount of Si 
(0.28 wt%) from perlite. These results confirmed the deposition of the 
composite on perlite mineral grains. 

The FTIR spectrum of MIL-100(Fe) (Fig. 2a) showed the bands at 
3368 cm− 1 for O-H bonds and at 1628 and 1376 cm− 1 for the stretching 
modes of C––O and C-O bonds in the carboxylate group, respectively. 

Fig. 1. SEM morphology and EDS spectra of a) and d) MIL-100(Fe), b) and e) TiO2, and c) and f) TiO2/MIL-100(Fe) 12.5 wt% samples.  
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Simultaneously, the signals for the C––C stretching mode at 1571 cm− 1 

and stretching out-of-the-plane C-H vibrations of the aromatic ring 
structure were found at 760, 710 and 622 cm− 1. The stretching vibration 
at 457 cm− 1 corresponding to the distinctive Fe-O bond of the iron ion- 
coordinated carboxyl group in the MIL-100(Fe) structure was observed 
[37]. 

The FTIR spectrum of TiO2 (Fig. 2a) showed peaks at 3410 cm− 1 and 
1656 cm− 1 related to the O-H stretching and bending modes of the 
surface hydroxyl groups, respectively. The broad band at values below 
900 cm− 1 corresponded to the Ti-O-Ti stretching and bending modes. 
The peaks at 1620, 1540, and 1380 cm− 1 assigned to the stretching 
modes of C––O, C––C (aromatic ring), and C-O were observed in the 
spectra of the TiO2/MIL-100(Fe) composites, all of which were ascribed 
to MIL-100 (Fe). According to Hejazi et al., these findings could indicate 
the coexistence of MIL-100(Fe) and TiO2 in these composite materials 
[20]. In addition, the O-H broadband increased in intensity as the 
MIL-100(Fe) loading grew in the TiO2/MIL-100(Fe) catalysts. The sur
face hydroxyl groups are critical in the photocatalytic reaction because 
they interact with h+ to promote the production of •OH radicals that 
could enhance the photocatalytic performance of the prepared com
posites [39]. 

XRD was used to examine the crystalline structures of the catalysts 
(Fig. 2b). The XRD diffractogram of MIL-100(Fe) revealed characteristic 
peaks at 10.56◦, 14.15◦, 18.95◦, 20.16◦, 24.06◦ and 27.60◦ associated 
with crystalline MIL-100(Fe) [20,37]. The TiO2/MIL-100(Fe) samples 
showed the diffraction peaks assigned to planes (101), (112), (200), 

(105), (204), (116), and (215) of TiO2 anatase crystalline phase (JCPDS 
No. 21–1272) [40]. No additional diffraction peaks related to the 
MIL-100(Fe) crystalline phase were identified when MIL-100(Fe) was 
incorporated into the TiO2. This result can be attributed to the low 
crystallinity of MIL-100(Fe) [23]. However, the incorporation of 
MIL-100(Fe) into TiO2 decreased its crystallinity of TiO2 [23]. Table 1 
shows the physicochemical characteristics of the prepared materials 
where it can be seen that TiO2 crystallite size slightly decreased from 4.0 
to 3.0 nm when the amount of MIL-100(Fe) incorporated into the 
composites increased. 

X-ray photoelectron spectroscopy (XPS) was used to analyze the 
elemental composition and electronic and chemical states of the ele
ments in MIL-100(Fe), TiO2, and TiO2/MIL-100(Fe). The survey XPS 
spectrum of MIL-100(Fe) (Fig. 2c) shows clear peaks for the C, O, and Fe 
elements. Carbon could be present due to surface adventitious carbon 
from contamination and for the MOF composition. The TiO2 spectrum 
contains C, Ti, and O elements, whereas Fe from the organic moiety was 
found in the TiO2/MIL-100(Fe) 12.5% composite in addition to Ti, C, 
and O. Fig. 3 depicts high-resolution spectra of Ti 2p, O 1 s and Fe 2p. 
The Ti 2p high-resolution spectra of TiO2 and TiO2/MIL-100(Fe) exhibit 
two peaks at 464.08 eV and 458.47 eV, corresponding to the Ti 2p½ and 
Ti 2p3/2 binding energies associated with the Ti4+ valence state in 
anatase TiO2 (Fig. 3a). Although the Ti 2p½ and Ti 2p3/2 peaks in TiO2/ 
MIL-100(Fe) are consistent with the characteristic states of Ti in bare 
TiO2 [23,41], the Ti 2p3/2 peak for TiO2/MIL-100(Fe) is deconvoluted 
into two components at 459.38 and 458.45 eV, showing that the 

Table 1 
Summary of physicochemical characteristics of the prepared nanomaterials.  

Material Crystallite size 
(nm)a 

Eg 

(eV)b 
BET surface area 
(m2/g)c 

Average BJH pore 
size (nm)c 

Average pore volume 
(cm3/g)c 

MIL-100(Fe) 
added (%) 

MIL-100(Fe) 
incorporated (%)d 

MIL-100(Fe)    1.93  732.1  4.02  0.74    
TiO2  4.0  3.03  128.2  11.96  0.38    
TiO2/MIL-100(Fe) 

5%  
3.9  2.65  174.4  9.23  0.40  5.00 4.40 ± 0.20 

TiO2/MIL-100(Fe) 
12.5%  

3.7  2.29  179.0  7.25  0.32  12.50 12.24 ± 0.40 

TiO2/MIL-100(Fe) 
20%  

3.0  2.21  198.8  8.38  0.42  20.00 19.15 ± 0.77  

a XRD analysis (Scherrer equation) 
b UV-Vis DRS analysis 
c N2 physisorption analysis 
d Atomic Absorption Spectroscopy 

Fig. 2. a) FTIR spectra and b) powder X-ray diffraction (XRD) patterns of the as-prepared materials, and c) XPS survey spectra of MIL-100(Fe), TiO2, and TiO2/MIL- 
100(Fe). 
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presence of Fe-O-Ti bonds creates two types of electronic environments 
for Ti cations [19,42]. The deconvoluted O 1 s core level spectra are 
shown in Fig. 3b. The spectrum of the MIL-100(Fe) sample was decon
voluted into three peaks centered at 530.00, 531.69, and 533.45 eV, 
representing Fe-O species in the crystal lattice, C–O/C––O bonds, and 
adsorbed water or hydroxyl groups, respectively [41]. The O 1 s spec
trum of TiO2 is conformed by two peaks located at 529.72 eV and 

531.38 eV, which belong to Ti-O bonds and surface hydroxyl groups 
(OH-), respectively. In the composite, the O 1 s spectrum showed two 
signals, the peak at the binding energies of 529.74 eV is related to Fe-O, 
and the Ti-O bonds are due to overlapping in the O 1 s XPS spectrum, 
while the peak at 531.41 eV is related to the organic linker Fe-O-C 
species present in the intrinsic structure of MIL-100(Fe) [19,23,41]. 

The Fe 2p core spectra of MIL-100(Fe) and TiO2/MIL-100(Fe) 

Fig. 3. High-resolution spectra of a) Ti 2p, b) O 1 s, and c) Fe 2p of MIL-100(Fe), TiO2 and TiO2/MIL-100(Fe) materials.  

Fig. 4. a) Tauc plots, b) PL spectra, and c) photocurrent response of the prepared materials, and d) proposed photocatalytic mechanism.  
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composite are shown in Fig. 3c. For the MIL-100(Fe) material, the 
spectrum is deconvoluted into two peaks at 724.88 eV and 711.69 eV 
associated with Fe 2p1/2 and Fe 2p3/2, respectively, and two satellite 
peaks of Fe 2p1/2 and Fe 2p3/2 at 731.11 and 717.10 eV, respectively. 
The satellite peak at 717.10 eV corresponds to Fe(III) in MIL-100(Fe) 
[43]. Notably, the peaks in TiO2/MIL-100(Fe) show a negative shift 
when compared to pristine MIL-100(Fe) due to the formation of 
Fe-O-Ti-bonding in the TiO2 lattice [36]. 

The textural features of the synthesized materials were examined by 
N2 physisorption analysis (Fig. S4) and categorized according to the 
IUPAC classification [44]. MIL-100(Fe) demonstrated the coexistence of 
type I and type IV isotherms and a narrow type H1 hysteresis loop be
tween 0.05 and 0.98 P/P0 (Fig. S4a). According to the classification, the 
sample is a porous material with micropores and mesopores. The iso
therms of TiO2 and TiO2/MIL-100(Fe) composites are categorized as 
type IV by IUPAC, with an H2 hysteresis loop at 0.60–0.99 P/P0, cor
responding to capillary condensation occurring in the mesoporous 
structure. The pore size distribution of MIL-100(Fe) with average pore 
sizes of 4.02 nm, classifying it as a mesoporous material, is shown in 
Fig. S4b. Table 1 shows the specific surface area, pore volume, and pore 
size of the materials. The BET surface area of MIL-100(Fe) was 
732.1 m2/g, and the pore volume was 0.74 cm3/g. As expected, as the 
MIL-100(Fe) loading increased in the TiO2/MIL-100(Fe) composites, the 
BET surface area increased from 128.2 m2/g in TiO2 to 198.8 m2/g in 
TiO2/MIL-100(Fe) 20%. The average pore size increased from 4.02 nm 
in MIL-100(Fe) to 8.38 nm in TiO2/MIL-100(Fe) 20 wt% while the pore 
volume decreased from 0.74 to 0.42 cm3/g, indicating that MOF could 
cover the available TiO2 pores. These findings were similar to those 
previously reported by Hejazi et al. [20]. 

The band gap energy values of the prepared materials related to the 
direct allowed transitions were estimated from the Tauc plots as shown 
in Fig. 4a. The MIL-100(Fe) incorporated into TiO2 shifted the absorp
tion edge of TiO2 toward lower energy values, indicating that the 
composite exhibits strong absorption in the visible region. The com
posites exhibited reduced Eg values (2.21–2.65 eV) compared to TiO2 
(≈3.03 eV) (Table 1). Additionally, the TiO2/MIL-100(Fe) composites 
showed a second band gap value consistent with that of MIL-100(Fe) 
(1.93 eV) that is characteristic of the 3d-3d transition of octahedral 
FeIIIO6 in MIL-100(Fe) [20,22]. According to Chen et al. [40], these 
data demonstrated the coupling of MIL-100(Fe) with TiO2. As a result, 
the MIL-100(Fe) loading narrows the band gap of TiO2 and enhances the 
visible light absorption capacity, improving the use of visible light 
during the photocatalytic process. The photoluminescence spectra of the 
materials were obtained to further study the separation of photo
generated e-/h+ pairs (Fig. 4b). The broad signal corresponding to the 
375–500 nm region with a maximum at 460 nm was attributed to 
self-trapped e- and h+ radiative recombination [45]. A decrease in the 
photoluminescence intensity is related to a decrease in the recombina
tion rate between photogenerated e- and h+, and hence, an increase in 
photocatalytic activity [46]. The PL emission peaks intensity of the 
synthesized samples decreases in the order of TiO2 > TiO2/MIL-100(Fe) 
5 wt% > TiO2/MIL-100(Fe) 12.5 wt% > TiO2/MIL-100(Fe) 20 wt% 
> MIL-100(Fe), showing that their photocatalytic performance can be 
enhanced in the same order. 

The photoexcited charge separation capabilities of the synthesized 
materials were evaluated by photocurrent measurements. The photo
current density of the catalyst-coated working electrode during three on- 
off cycles under simulated sunlight is shown in Fig. 4c. The photocurrent 
density of TiO2/MIL-100(Fe) 12.5 wt% was higher than that of pure 
MIL-100(Fe); thus, the incorporation of MIL-100(Fe) into TiO2 effi
ciently promoted the separation of e- and h+, which is beneficial to TiO2/ 
MIL-100(Fe) 12.5 wt% charge transfer process. The improved charge 
carriers separation at the TiO2/MIL-100(Fe) 12.5 wt% composite is ex
pected to improve the photocatalytic response during the PET NPs 
degradation [47]. 

The Mott-Schottky analysis was carried out, and the resulting plots 

are shown in Fig. S5. The positive slope of the Mott-Schottky curves 
demonstrated the n-type semiconductor characteristics of TiO2 and MIL- 
100(Fe). The flat band potentials of MIL-100(Fe) and TiO2 were calcu
lated using Mott-Schottky plots and estimated to be − 1.78 and − 0.72 V 
vs Ag/AgCl, corresponding to potentials of - 1.58 and - 0.52 V vs NHE, 
respectively. The conduction band (CB) potentials of MIL-100(Fe) and 
TiO2 were -1.38 and -0.32 V, vs NHE. The valence band (VB) potentials 
were determined to be + 0.55 V and + 2.71 V vs NHE, respectively, 
based on the band gap energy values calculated from the DRS-UV-Vis 
spectra of MIL-100(Fe) and TiO2 [48]. Given the suitable CB of TiO2 
and MIL-100(Fe), it is hypothesized that under simulated sunlight, e- 

may migrate from the CB of MIL-100(Fe) to that of TiO2. At the same 
time, photogenerated h+ are transported from the VB of TiO2 to that of 
MIL-100(Fe) through the interaction between MIL-100(Fe) and TiO2. 
Thus, the charge transfer between TiO2 and MIL-100(Fe) resulted in 
charge separation by decreasing the e-/h+ recombination and increasing 
the photocatalytic efficiency to degrade PET NPs. These findings were 
linked to the photocurrent and photoluminescence data. Based on these 
results, the possible charge separation mechanism of the TiO2/MIL-100 
(Fe) composite was proposed in the scheme shown in Fig. 4d. 

3.2. Photocatalytic activity evaluation 

The effect of the factors 1) incorporated content of MIL-100(Fe) into 
the TiO2 photocatalyst (5, 12.5, and 20 wt%) and 2) pH of the NPs 
suspension (3, 4.5, and 6) during the photocatalytic degradation of PET 
NPs under simulated solar light was statistically analyzed using ANOVA 
with a 95% confidence interval at a significance level of p < 0.05 
(Table S2). The oxidation of PET NPs was evaluated by changes in 
carbonyl index (CI) measured by FTIR [49]. The supplementary infor
mation (SI) described the statistical analysis of the results showing the 
graphical representation of the factors in 3D response surface and 2D 
contour plots (Fig. S6). 

The influence of the initial pH value of the PET nanoplastics sus
pension showed that the photocatalytic degradation of NPs was higher 
in the acidic media (pH = 3) than in the near-neutral solution pH (pH =
6.0). Similarly, faster photocatalytic degradation of various polymers 
such as polymethylmethacrylate nanobeads (average size 105 nm) [10], 
HDPE-MPs (200–250 µm) [11], and HDPE-MPs (725 ± 108 µm) [50] 
was carried out in acidic pH media. The results were related to the 
Coulomb attraction between the plastic polymers and the catalyst sur
face that is favored under acidic media [10,11,50]. In contrast, Zhou 
et al. reported that the photocatalytic degradation of fiber-based PET 
MPs was favored in alkaline media due to the hydrolysis of PET-FMPs, 
which contributes to the high degradation efficiency [14]. PET is a 
polymer that does not readily degrade due to its aromatic groups, as 
suggested by the proposed mechanism described in previous studies 
(Equations S1-S6) [50,51]. 

Surface holes (h+) can react with H2O to produce •OH, which starts 
the degradation of the CH2 group adjacent to the ester bond, resulting in 
the formation of an alkyl radical [R-CO•CHCH2O-] (Eq. S1). This alkyl 
radical then reacts with oxygen to generate a peroxyl radical [R- 
CHOO•CH2O-]n (Eq. S2), which takes hydrogen from other polymer 
chains to produce the hydroperoxide species [R-CHOOH-CH2O-]n (Eq. 
S3), that is photolytically unstable [50]. As a result, the O-O bond of the 
hydroperoxide group is broken, resulting in free oxy radicals 
[R-CHO•CH2O-]n and hydroxyl radicals (•OH) (Eq. S4). The free oxy 
radicals are reactive species capable of abstracting labile hydrogens 
from other polymer chains, resulting in photoproducts (Eq. S5) [50,51]. 
Excess of [H+] in acidic media enhanced the NPs PET degradation by 
generating hydroperoxide species ([R-CHOOH-CH2O-]n, Eq. S6), a key 
intermediate in the formation of oxy radicals [51]. 

The amount of MIL-100(Fe) incorporated into TiO2, on the other 
hand, exhibited a slight curvature at the central point of the evaluated 
levels, showing the TiO2/MIL-100(Fe) 12.5 wt% material a slightly 
better photocatalytic activity in the PET NPs degradation. The 
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interaction between TiO2 and MIL-100(Fe) in the composite effectively 
separates the e-/h+ pairs. However, the amount of Fe-based MOF loaded 
into TiO2 and the synthesis method used to prepare the composite may 
modify the alignment of the bands, impacting on the recombination rate 
of e-/h+ pairs and the photocatalytic performance of the material [19, 
46]. He et al. found that the TiO2 P25/MIL-100(Fe) 19.4 wt% photo
catalyst improved the tetracycline oxidation and Cr(VI) reduction over 
bare TiO2 P25. The composite was prepared by growing MIL-100(Fe) 
crystals on TiO2 using surface-coated FeOOH as a precursor [19]. Hi
erarchical sandwich-like TiO2/MIL-100(Fe) synthesized by the 
self-assembly method with the addition of 33 wt% MIL-100(Fe) showed 
enhanced photocatalytic activity in the methylene blue decolorization 
compared with MIL-100(Fe) and TiO2 [46]. 

The optimum process conditions were determined using the response 
surface methodology and desirability function with an initial pH of the 
NPs PET suspension of 3 and 12.5 wt% MIL-100 (Fe) incorporated in 
TiO2 corresponds to a desired value of 0.7408. The predicted and 
experimental values for the carbonyl index were 0.978 and 0.994, 
respectively, indicating good agreement between the experimental data 
and quadratic model prediction. Control experiments using 12.5 wt% of 
MIL-100(Fe) in TiO2 at an initial pH of 3 showed that the TiO2/MIL-100 
(Fe) 12.5 wt% material was more effective in degrading the PET NPs 
suspension under simulated solar light. This result is confirmed by an 
increase in the carbonyl index (CI = 0.99), a reduction in the turbidity 
ratio of the medium (0.454), and an increase in the content of TOC 
released (3.00 mg/L) (Fig. 5). In contrast, PET NPs were slowly 
degraded by direct photolysis (CI = 0.82, turbidity ratio = 0.849, 
released TOC = 1.73 mg/L) and by TiO2-based photocatalysis (CI =
0.96, turbidity ratio = 0.539, released TOC = 2.12 mg/L). 

An increase in the carbonyl index has been reported as a sign of 
polymer oxidation [49]. Furthermore, significant changes in the infrared 
spectrum were observed during PET degradation by photolysis and 
photocatalysis, which can be divided into three regions of the spectra 
(details in SI, Fig. S7) [52–54]. Vibrations in the C-H region 
(3000–2800 cm− 1, Fig. S7a), where the signal intensities at 2960 cm− 1, 
2880 cm− 1, and 2853 cm− 1 associated with symmetric and asymmetric 
C-H and -CH2- bonds, decreased and almost disappeared during 
photolysis and heterogeneous photocatalysis [10]. The region of 
carbonyl vibrations of esters (C––O bond, 1714 cm− 1) (Fig. S7b) was 
significantly reduced with a shoulder at a shorter wavelength of 
1685 cm− 1, due to the formation of terephthalic acid monomer, which 
produced a fragmentation of the polymer into monomeric units [10,11]. 
The region of 1350–950 cm− 1 assigned to the C-O band of the ester 

group is shown in Fig. S7c. The spectra showed an increase in the in
tensity of the 1096 cm− 1 band and a decrease in the signal at 1283 cm− 1 

attributed to ester stretching and IR vibrations of the ethylene glycol 
group, respectively, that were related to the photo-oxidation of PET. 

Similarly, the decrease in the band intensity at 1340 cm− 1 corre
sponds to the CH2 wagging modes, which are converted into aldehyde 
end groups in the presence of reactive species. After irradiation, a 
reduction in the peak intensity at 970 cm− 1 was observed, which was 
attributed to the C-H stretching of the ethylene glycol moiety. The 
decrease in this peak is related to the cleavage of ester linkages in the 
polymer chain during PET degradation [11,12]. Photocatalytic degra
dation of plastics is relatively recent, and few studies have reported the 
intermediates generated during PET oxidation. Zhou et al. evidenced the 
degradation of PET fiber-based microplastic by the average molecular 
weight reduction using a Bi2O3@N-TiO2 heterojunction [14] and 
N‑doped TiO2 nanoflowers decorated with Pt nanoparticles [15]. Some 
of the identified intermediates in the filtrate by CG-MS were short-chain 
substances such as alcohols, carboxylic acids, aldehydes, esters, and 
olefins. The authors mentioned that identifying by-products during PET 
microplastic degradation is challenging due to the presence of multiple 
side reactions of intermediate products and the lack of in-situ charac
terization tests. To verify the photocatalytic degradation of PET NPs on 
12.5 wt% TiO2/MIL-100(Fe) material, SEM analysis was utilized. Fig. 6 
displays SEM micrographs before and after 600 kJ/m2 of UV accumu
lated energy. The microstructure surface of the PET NPs underwent 
noticeable changes, resulting in the formation of cavities due to photo
catalytic oxidation reaction. These cavities could be generated due to 
volatile products that evolved from the degrading polymer NPs [55]. 

3.3. Identification of the reactive species by trapping experiments 

The role of the superoxide ion radical O2
•- in the photocatalytic 

degradation of PET NPs was not investigated because HO2• is the 
dominant species at pH 3 (pKa = 4.8) [33]. On the other hand, the 
photocatalytic degradation of PET NPs decreased rapidly after the 
addition of the •OH scavenger (t-BuOH), as indicated by the increase in 
the C––O bond signal intensity (1714 cm− 1) as shown in the FT-IR 
spectrum (Fig. S8a). On the other hand, no difference in the FTIR 
signal intensity was observed with the addition of 2-PrOH and t-BuOH. 
The CI calculated from the FTIR spectra (Fig. S8a) confirmed the role of 
scavengers in plastic degradation. As shown in Table S3, the initial PET 
NPs suspension has a CI value of 0.62. PET NPs degradation increased 
the CI to 0.99 during the photocatalytic degradation without scavenger. 

Fig. 5. a) FTIR of PET NPs before and after degradation with 600 kJ/m2 of UV accumulated energy (a), b) change in turbidity media at 620 nm (n = 3 replicates), 
and c) released TOC content in solution during photocatalysis and photolysis of PET NPs (n = 3 replicates). 
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The CI values of PET NPs degraded by photocatalysis in the presence of 
t-BuOH and 2-PrOH scavengers showed CI values of 0.77 and 0.78, 
respectively, proving that h+ and •OH radicals are the reactive species 
involved in the photocatalytic degradation of PET polymer matrix by the 
TiO2/MIL-100(Fe) composite under simulated sunlight. Turbidity mea
surements (Fig. S8b and Table S4) also confirmed these findings with 
similar inhibition of the response during the photocatalytic process 
using 2-PrOH and t-BuOH scavengers. These results were supported by 
Mott-Schottky analysis (Section 3.2). The photogenerated h+ in the VB 
of MIL-100(Fe) oxidize PET NPs or react with H2O to form •OH radicals 
as in the proposed schematic mechanism depicted in Fig. 4d. However, 
since the calculated VB potential of MIL-100(Fe) was less positive than 
the standard redox potential of •OH/H2O (2.68 eV vs NHE), it could 
imply that the photogenerated h+ cannot oxidize H2O to •OH radicals. 
Thus, the •OH radicals could be produced at the higher positive VB of 
TiO2 in the TiO2/MIL-100(Fe) composite to further contribute to the 
degradation of PET NPs. 

It has been described that the main reaction pathway during the 
photocatalytic degradation of polymers such as HDPE MP by BiOCl 
catalysts [11] and C, N-TiO2 powders [50] was through the formation of 
•OH radicals. On the other hand, O2

•-, singlet oxygen, and h+ were the 
active species involved in the oxidation of fiber-based microplastic of 
PET using N‑doped TiO2 nanoflowers decorated with Pt nanoparticles 
[15]. 

4. Conclusions 

MIL-100(Fe) coupled with TiO2 semiconductor was prepared using a 
simple microwave/solvothermal procedure followed by a post- 
annealing approach. The resultant material showed better photo
catalytic performance than pure TiO2 for PET NPs degradation. The 
TiO2/MIL-100(Fe) catalyst presented the anatase crystalline phase of 
TiO2 under simulated solar light. The improved photocatalytic activity 
of TiO2/MIL-100(Fe) was ascribed to the higher surface area, extended 
absorption in the visible light region, and lower Eg than that of TiO2. 
MIL-100(Fe) and TiO2 interaction also favored effective e-/h+ separa
tion. The optimum conditions for the heterogeneous photocatalytic 
degradation of PET NPs were at acidic pH (pH=3) using the composite of 
12.5 wt% MIL-100(Fe) incorporated into TiO2. The scavenger experi
ments revealed that the reactive species •OH and h+ were involved in the 
degradation of PET NPs. For the first time, it was demonstrated that the 
photocatalytic process using TiO2/MIL-100(Fe) under simulated sun
light is an alternative method for degrading PET NPs, a resistant syn
thetic plastic polymer, providing the basis for future research focusing 
on the degradation mechanism of PET NPs. 

CRediT authorship contribution statement 

César A. Rojas-Guerrero: Methodology, investigation, formal anal
ysis, writing – original draft. Minerva Villanueva-Rodríguez: Supervi
sion, writing – review & editing. Jorge Luis Guzmán-Mar: Formal 
analysis, validation, writing – review & editing. Aracely Hernández- 
Ramírez: Formal analysis, writing – review & editing. Erika. I. Cedillo- 
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