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Microplastic (MP) pollution has become a serious environmental problem in the current decade.
Unfortunately, wastewater treatment plants are not favorable for treating MPs. Therefore, it is necessary to
develop methodologies to treat MPs in water efficiently. Photocatalytic (PC) and photo-Fenton (PF) processes
are among the promising treatment methodologies that utilize reactive oxygen species (ROS) to degrade
MPs. In this study, TiO, aerogel powders (TiAP) were prepared by lyophilization and subsequent annealing of
peroxo-titanic acid gels, followed by modification with Fe at the surface for the PC/PF-based degradation of
MPs. Fe-modification on TiAP boosts the PC activity and activates the PF-based process in the presence of
H>O,. The degradation of polystyrene (PS) MPs was evaluated using attenuated total reflection infrared (ATR-
IR) spectroscopy, total organic carbon (TOC) analysis, thermogravimetric analysis coupled with differential
scanning calorimetry and mass spectrometry (TGA-DSC/MS), nuclear magnetic resonance (NMR)
spectroscopy, and high-performance liquid chromatography with high-resolution mass spectrometry (HPLC-
HRMS). Photo-induced degradation of the PS MPs was evaluated by monitoring the changes in the carbonyl/
peroxyl index (CI/PI) recorded by ATR-IR spectroscopy and the mass loss measured by TGA-DSC/MS
techniques. Interestingly, the samples with higher CI value changes affected the total mass residue, while
samples with lower changes in the Cl value did not alter the total mass residue after the photo-induced
treatment. Further, NMR spectra confirmed the formation of new peaks due to the oxidative degradation of
PS MPs, especially between 0.8 and 1.3 ppm. Additionally, by-products formed after the photo-induced
treatment process analyzed by the HPLC-HRMS technique indicate the degradation of PS MPs. The indirect
techniques of electron paramagnetic resonance (EPR) spectroscopy revealed the ROS contributing to the
oxidation of PS MPs during the PC and PF treatment process using Fe-modified TiAP. This study's findings
have the potential to significantly influence future research and environmental policies by providing better
insights into preparing efficient nanostructures for photo-induced degradation of MPs.

Water bodies throughout the world are being affected by microplastics that cause adverse effects on the environment. Conventional water treatment
methodologies do not efficiently remove microplastics from water. Therefore, eventually, these microplastics end up in the food cycle and potentially cause
harm to all living organisms. This study deals with understanding the use of iron-modified titanium dioxide aerogel powders for the photocatalytic and

photo-Fenton-based processes for the efficient degradation of microplastics in water.

1. Introduction

“ Institute of Inorganic Chemistry of the Czech Academy of Sciences, Husinec-Re Over the past decades, excessive use and disposal of plastic
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products have seriously threatened the environment.'” By
around 250 million tons of plastics could be

accumulated in rivers and oceans.*” Eventually, these
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various chemical, physical, and biological processes.’™
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Plastics with a size range between 5 mm and 1 um have been
classified as microplastics (MPs), whereas less than 1 um are
nanoplastics (NPs).*°" The toxic additives (plasticizers,
pigments, stabilizers, etc.) added during plastic
manufacturing are ultimately released into the environment
during the MP/NP transport cycle."> Further, MPs/NPs could
also adsorb other toxic organic and inorganic pollutants in
the environment, thereby increasing their potency.”™>"*
Regardless of their size, they are classified as pollutants of
emerging concern owing to their toxicity and negative impact
on water bodies."> "’

Unfortunately, wastewater treatment methodologies in
municipal treatment plants are not well equipped to treat water
containing MPs/NPs.'® In fact, these municipal treatment plants
are one of the sources of microplastic pollutants.">*° Currently,
techniques such as physical separation (membrane separation,
adsorption, and coagulation), biological techniques (membrane
bioreactors and biological degradation), and advanced oxidation
processes (photocatalytic (PC) process, Fenton-based process,
and ozonation) are being developed for the treatment of MPs/
NPs in water.>'>* Physical separation techniques are non-
destructive in nature, ie., MPs/NPs are transferred from the
water to another medium (filters, adsorbents/coagulants),
whereas biological treatment methodologies require optimal
environmental conditions.’® However, eliminating MPs/NPs by
degrading them to non-toxic products through an advanced
oxidative degradation process is a more efficient process than
the physical separation of MPs.'®'**"?2 Moreover, reaction
conditions such as treatment time, catalyst concentration, and
light intensity could be manipulated based on the pollutant type
and treatment methodologies.>

Generally, oxidative degradation of MPs by photoaging via
the generation of reactive oxygen species (ROS) is very slow, and
hence, the UV/H,0, system was introduced to enhance their
degradation.”®”” But still, even with the addition of H,0,, the
degradation of microplastics could take days.>”’ Hence,
photocatalysts were used to enhance the degradation of
microplastics.”® The TiO, semiconductor is a popular
photocatalyst worldwide due to its non-toxicity, availability,
recyclability, and affordability.> TiO, exists in three polymorphs
(anatase, rutile, and brookite), where anatase is the most
suitable  for  photocatalytic =~ degradation of organic
pollutants.***"' Upon irradiation of light of suitable wavelength
( = 275 to 405 nm) on TiO,, e /h" are produced, which
subsequently react with surface water and oxygen to form
ROS.** The hydroxyl radical (HO') is the main ROS species
responsible for the decomposition of pollutants.**® This
process of pollutant degradation has been used for the
degradation of various complex organic pollutants.® L. P.
Dominguez-Jaimes et al. have investigated the degradation of
polystyrene (PS) NPs using electrochemically anodized TiO,
nanotubular layers."" However, the TiO, anatase phase has a
bandgap of 3.2 eV, thereby limiting its ability to absorb only UV
light, and has a faster e /h" recombination rate, which hinders
the production of (HO") radicals.*® Hence, mixed anatase and
rutile phases are prepared to improve e /h" separation in TiO,
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nanostructures.>”° Further, metal/non-metal modifications are
performed on TiO, to improve light absorption in the visible
region and promote e /h" separation, thereby improving the
photocatalytic properties.””** Among the dopants, Fe*'/Fe**
ions are quite attractive as they improve photocatalytic
properties and are well known for their Fenton/photo-Fenton
(PF) active properties.*>**** Particularly, Fe**/Fe** undergoes a
redox process with H,O, to form HO' radicals that decompose
pollutants.*® Ortiz et al. have studied the Fenton oxidation of
different types of MPs, such as polyethylene terephthalate
(PET), polyethylene (PE), polyvinyl chloride (PVC), polypropylene
(PP), and expanded PS (EPS), as target pollutants.”” The non-
toxicity and availability of Fe make it a suitable material for the
oxidation process.***®> Liu B. et al have analyzed the
degradation products of PS and nylon 6 obtained with Fe**
Fenton reagents and activation with peroxymonosulfate.’®
Therefore, modification of mixed-phase TiO, nanostructures
with Fe could be attractive for the degradation of microplastics.
In this work, peroxo-titanic acid gels synthesized by the
precipitation of titanyl oxysulfate with tert-butylamine are
freeze-dried and then subsequently annealed at 800 °C to
form mixed-phase TiO, aerogel powders (TiAP). Further, TiAP
is modified at the surface with different concentrations of Fe
through the wet-impregnation technique. Therefore, the Fe-
modified TiAP could exhibit both photocatalytic and photo-
Fenton processes for the degradation of MPs. Indeed, Fe
modification could produce additional ROS through the
combination of photocatalytic and photo-Fenton processes,
which could enhance the degradation of MPs. PS MPs are
chosen as a model pollutant due to their ready accumulation
in living organisms through respiratory, dermal, and
digestive tracts.*>”® PS is used in food packaging, toys, cup
covers, storage, etc.,”® therefore, it is necessary to understand
effective ways to degrade PS MPs using different photo-
induced processes. There are only a handful of reports on
photocatalytic/Fenton-based degradation of MPs.'>'"*” These
reports deal with the evaluation of PS MP degradation
through separate photocatalytic/Fenton-based processes by
investigating the changes in the carbonyl and peroxyl indexes
(CI/PI), mass loss after degradation, and degradation by-
products.'®'"*”  However, investigates
photocatalytic/Fenton-based degradation of PS MPs in one
system using Fe-modified TiAP. Briefly, the relationship of
the changes in the CI value of PS MPs with the polymer mass
loss and the degradation products formed after photo-
induced treatment processes are discussed. Hence, our work
will bridge the knowledge gap in wunderstanding MP
degradation using photocatalytic/Fenton-based processes.

our work

2. Materials and methods
2.1. Materials

Titanium(iv) oxysulfate (TiOSO,-xH,O, min. 29% Ti as TiO,,
Sigma-Aldrich), hydrogen peroxide (H,O,, aqueous solution,
p-a., 30%, penta), and tert-butylamine (TBA, 98%, Sigma-
Aldrich) were used for the preparation of TiAP. Iron(u) sulfate

This journal is © The Royal Society of Chemistry 2025
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heptahydrate (99% penta) was used as a precursor for Fe
modification. Polystyrene beads (M, ~192000, Sigma
Aldrich), acetone (T.G., Svero Chema), tetrahydrofuran (A.G.,
penta), dimethylacetamide (DMA, 99%, Sigma Aldrich), and
dialysis bags (Membra-Cel™, 44 mm, MWCO-14 000, Roth)
were used for the synthesis of PS MPs. Perchloric acid (68%,
Lachner) and sodium hydroxide (penta) were used to adjust
the pH during the photo-Fenton processes. Isopropyl alcohol
(IPA, penta) and p-benzoquinone (BQ, =98%, Sigma-Aldrich)
were used as scavengers during the photo-induced
degradation of PS MPs.

2.2. Instrumental techniques

Crystalline phases of the prepared TiAP and Fe-modified TiAP
were analyzed by X-ray diffraction (XRD, Co radiation
Malvern PANalytical Empyrean III). The surface area of the
photocatalysts was measured using the Brunauer-Emmett-
Teller method in a Quantachrome Nova 4200e instrument.
Typically, the photocatalysts were degassed at 25 °C for 72 h,
and then subsequently, N, adsorption-desorption isotherms
were measured at —196 °C. The shape and morphology of the
samples were imaged wusing high-resolution scanning
electron microscopy (HR-SEM, FEI Nova NanoSEM 450
microscope equipped with an Everhart-Thornley secondary
electron detector, a through-lens detector, and an energy-
dispersive X-ray analysis detector) at an accelerating voltage
of 15 kV. The samples with higher and lower changes in the
CI values were imaged using a high-resolution transmission
electron microscope (HR-TEM, Talos F200X, Thermo
Scientific, USA) with an FEG (field emission gun) operated at
200 kv, which combines scanning TEM (STEM) and TEM
imaging and equipped with 4 in-column SDD Super-X
windowless detectors for EDX chemical analysis and
elemental mapping. Samples for HR-TEM were prepared by
gently dropping a small drop of dilute (water) sample
suspension on a standard TEM grid covered with carbon foil,
followed by drying at ambient temperature before use.
Attenuated total reflection infrared (ATR-IR) spectra were
recorded by a Nicolet Nexus 670 FTIR spectrometer on a
diamond crystal in the region from 400-4000 cm .
Thermogravimetric analysis (TGA) coupled with differential
scanning calorimetry (DSC) and mass spectrometry (MS) were
carried out to monitor the mass loss and gas evolution
during the whole degradation of PS MPs. TGA-DSC-MS were
performed on a NETZSCH (STA449 F1 Jupiter) instrument
coupled with a gas chromatograph (GC Agilent Technologies,
7890B) and mass detector (MS Agilent Technologies, 5977B
MSD). Thermoanalytical measurements were carried out in
an inert atmosphere (argon, 50 cm® min™'), in an open
crucible made of a-Al,O3, and the initial sample mass was
approx. 5 mg (crushed to fine powders). Samples were heated
from 35 °C to 600 °C with a heating rate of 5 °C min ",
enabling a detailed study of the decomposition process. The
gaseous products were led by a heated transfer line (T = 150
°C) directly to the MS, and subsequently, gas analysis was

This journal is © The Royal Society of Chemistry 2025
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done in SIM mode at the intensity (A) of individually selected
fragments for PS, namely: m/z = 51, 78, 103, and 104. 'H
Nuclear magnetic resonance (NMR) spectra were recorded
using a JEOL 600 MHz NMR spectrometer. All the samples
were dissolved (~20 mg mL™") in d-chloroform (99.8%, Acros
Organics) by sonication (several minutes) followed by
centrifugation to remove the photocatalysts. Subsequently,
NMR spectra of supernatant solutions were recorded. The
zeta potentials were determined by laser Doppler
electrophoresis using a Zetasizer Nano ZS analyzer (Malvern,
UK). High-performance liquid chromatography with high-
resolution mass spectrometry (HPLC-HRMS) was used to
identify the by-products formed before and after the photo-
induced treatment process. A description of the methodology
used in the HPLC-HRMS technique is given in the ESL}

2.3. Synthesis of microplastics

Polystyrene (PS) MPs prepared by the dialysis technique were
used as a model pollutant.”® Typically, 85 mg of PS beads
were dissolved in 30 mL of organic solvent (10 mL of
dimethylacetamide, 10 mL of tetrahydrofuran, and 10 mL of
acetone). Later, the dissolved PS beads were poured into a
dialysis bag and immersed in 1.5 L of water for 24 h, forming
PS MPs. 1.5 L of water was replaced 5 times during 24 h to
ensure complete removal of organic solvent. Subsequently,
only the suspensions (~30 mL) of PS MPs were taken,
whereas larger aggregates of the PS particles were discarded.
For all photo-induced degradation processes, freshly
prepared PS MP suspensions were used. The amount of PS
MPs present in the suspensions after the dialysis process is
approx. 30 mg (+5% error), ie., the weight is measured after
centrifugation of PS MP solution followed by separating the
pellets and drying at room temperature.

2.4. Synthesis of photocatalysts

2.4.1. Non-modified TiAP. TiAP are prepared by freeze-
drying and subsequent annealing of peroxo-titanic acid gels
formed through the precipitation of amines, according to
previous report.”” Firstly, 0.2 mol of titanium oxysulfate was
dissolved in 450 mL of distilled water at 35 °C. Subsequently,
the solution was cooled to 0 °C until a thin ice layer was
formed. Then, tert-butylamine was added until pH 8 was
reached, resulting in a white precipitate. Later, the white
precipitate was filtered off and washed several times before
resuspending in 1050 mL of distilled water. H,O, was added
to the suspension until pH 1-2 was reached and stirred
continuously to form a transparent yellow solution of peroxo-
titanic acid. The solution was stirred overnight to remove the
excess H,0, and finally sprayed onto liquid nitrogen before
keeping in the freeze-dryer at a temperature of —-64 °C and
pressure of 5-10 mTorr. The obtained yellow fluffy aerogel
was annealed at various rates of heating starting from 1 °C
min~" to 250 °C, then 2 °C min* to 500 °C, then 3 °C min ™"
to 650 °C, and finally to 3 °C min~" to 800 °C with each step
lasting 1 h to form TiAP.

Environ. Sci.: Nano, 2025, 12, 1515-1530 | 1517
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2.4.2. Fe-modified TiAP. Fe ions with different
concentrations (0.01, 0.1, and 1 at% - TiAPggipe, TiAPg 1pe,
TiAP; ., resp.) were modified at the surface of TiAP through the
wet-impregnation technique.”® 12.5 mM TiAP were suspended
in 100 mL of distilled water, followed by adding iron sulfate
heptahydrate solution (1.26 x 107, 1.26 x 10~°, and 1.26 x 10™*
M) and stirred for 1 h. Later, the suspension was filtered off,
dried at room temperature, and subsequently annealed at 450
°C to form different concentrations of Fe-modified TiAP. Finally,
the concentration of Fe in the Fe-modified TiAP was 0.01 at%,
0.1 at%, and 1 at%, respectively, and the corresponding samples
were named TiAPg g1pe, TiAPg 15e, and TiAPge.

2.5. Photo-induced degradation experiments

The photocatalytic experiments were done using freshly
prepared PS MP solution. The PS MP solution was diluted with
300 mL of water and suspended with 60 mg of photocatalyst
followed by irradiation under UVA light (Z,.x = 365 nm, 8 W,
Sylvania, flux density of 6.24 mW c¢cm > measured by UVA probe
#28949; ILT 1400-A photometer) for 480 min with constant
stirring and air bubbling. During the photo-induced
degradation experiments, the final concentrations of PS MPs
and photocatalysts were 0.1 mg mL" and 0.2 mg mL™,
respectively. Photo-Fenton experiments were carried out with
similar conditions to the photocatalytic process, except the pH
was changed (2, 3, 5, 7, and 9), and 100 mM H,0, was added
every 1 h throughout the process.”® At predetermined time
intervals (0, 60, 120, 180, 240, and 480 min), 10 mL of the
samples were collected and subsequently filtered to separate the
solid and the liquid samples. Finally, the solid samples
collected at 0 min (before treatment) and 480 min (after
photocatalytic/Fenton-based processes) were analyzed by HR-
SEM, HR-TEM, ATR-IR, TGA-DSC/MS, and NMR techniques.
Total organic carbon content analysis (TOC, Shimadzu TNM-L
ROHS) was used to quantify the organic carbon in the filtered
solutions (liquid part). The sampling methodology for
evaluating the PS MP degradation is given in Fig. S1.}

2.6. Evaluation of MP degradation by ATR-IR spectroscopy

The solid samples collected during the photocatalytic and
photo-Fenton processes were dried at room temperature (25 °C)
before analysis by ATR-IR spectroscopy. ATR-IR spectroscopy
was used to calculate the CI and PI, respectively.'® The CI and
PI values indicate the oxidative degradation of MPs, ie., the
cleavage of the carbonyl (1740 ecm™) and peroxyl (1150 cm™)
chains during the oxidation process. The CI and PI values were
calculated using the following equation.

Height of the peak at 1740 cm ™!
Height of the reference peak at 2850 cm ™1

B Height of the peak at 1150 cm ™*
" Height of the reference peak at 2850 cm 1
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Additionally, the reference peak at 2850 cm ' belongs to the

C-H stretching of CH, groups, which is used as an internal
standard to evaluate the degradation of PS MPs. Furthermore,
the peak heights are normalized at 2850 cm™" for optimal
comparison of all the measured spectra. Importantly, values of
the peak height are calculated using Gaussian fitting profiling.

3. Results and discussion

XRD patterns of TiAP and Fe-modified TiAP are shown in
Fig. 1A. A mixture of TiO, anatase (reference code: 01-071-
1166) and rutile phases (reference code: 01-072-1148) was
identified for all the prepared samples. Indeed, 26 diffraction
patterns at approx. 25.33, 37.81, 48.05, 53.87, and 55.08° 26
correspond to anatase crystal structure ((101), (004), (200),
(105), and (211)), whereas 26 diffraction patterns at approx.
27.46, 36.08, and 41.25° 26 correspond to rutile crystal
structure diffraction planes ((110), (101), and (111)). In all the
samples, different compositions of anatase and rutile phases
were identified and tabulated in Table 1. TiAP has 9% rutile
phase, whereas Fe-modified samples TiAPg gipe, TiAPo1 re,
and TiAPp. have 24%, 23%, and 13% rutile content,
respectively. Mainly, Fe-modification was performed through
a two-step annealing process, resulting in the development of
the rutile phase during the second annealing step (Fig. S2aft).
However, the increase in the Fe-content (TiAP,y.) stabilizes
the anatase phase and inhibits rutile content formation.
Nevertheless, the combined effects of anatase and rutile
phases promote e /h" separation and are known to increase
the photocatalytic activity.’”***> Notably, mixed phases of
approx. 70-90% anatase and 10-30% rutile are reported to
have better photocatalytic properties.***®>>° Further, the
surface area of the prepared photocatalysts was analyzed by
the Brunauer-Emmett-Teller method (Fig. S2bf) and also
tabulated in Table 1. TiAP had a surface area of 17.98 m> g™,
whereas Fe modification along with the two-step annealing
process contributed to the slight reduction in the surface
area of the samples. This minor reduction in the surface area
also correlates with our other publication on similar aerogel
powders with Ce modification.>

Fig. 1B and C show the HR-SEM images of representative
TiAP and polystyrene samples. TiAP has a leaf-like morphology
composed of multiple nanoparticles grouped in a structure. The
average diameter of an individual nanoparticle ranges from 200
to 400 nm. Further, the PS MPs have a spherical morphology
with a diameter ranging from 2 to 4.5 um.

Before investigating the photo-induced degradation
behaviour of PS MPs using non-modified TiAP and Fe-modified
TiAP, they were tested with caffeine, which was used as a model
organic pollutant. Since quantification of the degradation of PS
MPs is not straightforward, combinations of analysis techniques
such as ATR-IR spectroscopy, TOC, and TGA techniques'*'"*’
are required. For example, the degradation efficiency for
pollutants, such as dyes, caffeine, pesticides, etc., could be
evaluated through UV-vis spectrometry, high-performance liquid

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(A) XRD patterns of TiAP and Fe-modified TiAP. (B) A representative HR-SEM image of TiAP and the inset shows a higher-resolution image

of TiAP. (C) HR-SEM image of PS MPs taken after coating with a layer of Au-Pd.

chromatography, and TOC techniques.'®***®* Therefore,

caffeine was used as a model organic pollutant to understand
the degradation trend through photocatalytic and photo-
Fenton-based processes using TiAP and Fe-modified TiAP (Fig.
S3t). Accordingly, TiAP,,r. showed the highest caffeine
degradation extent in photocatalytic (~45%) and photo-Fenton-
based processes (~99%) after 120 min of UVA light irradiation.
Hence, photo-induced degradation of PS MPs was discussed in
detail for TiAP and TiAP ;e.

Firstly, the photo-induced degradation of PS MPs (solid
samples) monitored by ATR-IR spectroscopy by
monitoring the changes in the carbonyl and peroxyl groups
(Fig. S4 and S57). Noticeably, the oxidation reaction leads to
chain scission, cross-linking, and discoloration of PS MPs.°
The oxidation reaction in PS compounds occurs due to the
formation of HO", ROO" (peroxyl radical), and POO" (polystyryl
radicals).®”®" The POO" radicals that exist in an excited state
are converted to ROO’ radicals under reaction with
oxygen.””®" HO' radicals and ROO" radicals are responsible
for chain scission of the polymers that increase the CI.'>"%!

was

Table 1 The composition of the anatase phase, crystallite size, and
surface area of TiAP and all concentrations of Fe-modified TiAP were
tabulated

Anatase  Anatase crystallite  Surface area
Sample (%) size (nm) (m* g™
TiAP 91 51.4 17.98
TiAPy o1re 76 51.9 10.49
TiAP ;e 77 76.7 11.51
TiAP; pe 87 56.5 17.58
TiAP_2 step annealed 74 56.3 12.23

This journal is © The Royal Society of Chemistry 2025

The degradation of PS MPs occurs in multidirectional
pathways, leading to the formation of multiple polymer
moieties and various intermediates.® Eventually, the end
products of the PS MP degradation in all the pathways are
CO, and H,0."”'' Possible pathways for photo-induced
oxidation (photocatalytic and photo-Fenton processes) using
TiO, structures (TiAP and Fe-modified TiAP) of PS MPs are
given below.'”*

TiO, + O, + e () — 0,

TiO, + H,0 + k' (W) — HO" + H'

HO' radicals produced from the photocatalytic and photo-
Fenton processes cause polymer chain scission.'”®' Apart,
from TiO,, photolysis of H,O, also produces the HO’
radicals.>”*>

HO' + ~CH,CHPh - CH,~ — ~CH,C" PhCH,~ (macro-
radical) + H,O
HO' + ~CH,CHPh - CH,~ — ~C" HCHPhCH,~ + H,0
Macro-radicals are also formed during the photodegradation
of PS under UV irradiation, leading to polymer chain
scissions.®' These macro radicals react with oxygen to form

peroxyl radicals or hydroperoxide compounds.

~CH,C" PhCH,~ + O, = ~CH,C(0,")PhCH,~ (peroxyl radical)

Environ. Sci.: Nano, 2025, 12, 1515-1530 | 1519
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~CH,C' PhCH,~ + O,
— ~CH,C(OOH)PhCH,~ (hydroperoxide)

NcHzc(OZ.)PhCHZN + hv
— ~CH,C(O")PhCH,~ (alkoxyl radical)

~CH,C(O")PhCH,~ + ~CHPh~ (neighbouring moeity)
— ~CH,C(OH)PhCH,~

~CH,C(O")PhCH,~ — ~CH,C(O)CH,~ + Ph’

~CH,C(O")PhCH,~ — ~CH,C(O)Ph~ + ~C" H, - CHPh~

The chain scission of PS MPs during the photo-induced
oxidation process will form multiple polymer moieties that
could influence the changes in the carbonyl and peroxyl
groups in the ATR-IR spectra. The CI and PI values were
calculated using the ratio changes in carbonyl (at 1740 cm™)
and peroxyl groups (at 1150 cm™') in comparison to internal
standards (reference group of C-H stretching of the -CH,-
group) at 2850 cm™"."° Therefore, the CI and PI value changes
indicate the oxidative degradation of PS MPs. Relative
changes in CI and PI were calculated with respect to the non-
treated samples (Fig. 2A and Table S11). The photocatalytic
process by TiAP showed approx. 26% increase in CI and a
38% decrease in PI values, whereas TiAP with H,0, showed
approx. 52% and 39% increase in CI and PI values,
respectively. The decrease in PI could indicate that the
degradation did not occur in the direction of forming
peroxyl-containing moieties; instead, peroxyl radicals are
eventually converted to alkoxyl radicals that form carbonyl
groups. Notably, Fe-modified TiAP samples show different
changes in CI and PI values for photocatalytic and photo-
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= 240 Il TIAP_After PC
S { I TiAP . After PC

" 200- WM TiAP, ., After PC
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A
2

Carbonyl 'Index (Cl) Peroxyl I'ndex P
Fig. 2

View Article Online

Environmental Science: Nano

Fenton processes. For instance, photocatalytic and photo-
Fenton processes with TiAPyipe and TiAP;p. showed a
decreased CI and increased PI value. This implies that one of
the PS degradation pathways is due to the formation of the
peroxyl group. Additionally, the decrease in CI could indicate
another pathway of PS degradation, ie., based on the
Norrish-I mechanism that forms carbon monoxide during
the photo-induced degradation process.®> ®> Ghanadi et al.**
reported a decrease in the CI value for the HDPE polymer
observed after the first few days of exposure to UV radiation.
TiAP, 1r. showed the highest CI and PI values, increasing to
approximately 36% and 58% for the photocatalytic and
photo-Fenton processes, respectively.

To further solidify the versatility of Fe modification on
TiAP, especially for the photo-Fenton-based degradation of PS
MPs, the homogenous photo-Fenton process containing Fe**
ions was carried out at different pH values (2, 3, 5, 7, and 9).
Equivalent concentrations of Fe** present (~12.6 uM Fe*"
salt) in TiAPyre were used for the homogenous Fenton
process. Accordingly, higher changes in CI and PI values were
observed for the TiAP, ;g System in all tested pH ranges (Fig.
S6t). Therefore, it's evident that the presence of TiAP along
with Fe*" assists in the efficient degradation of PS MPs.
Moreover, at pH 2, both CI and PI values had higher changes.
Notably, the calculations of CI and PI through carbonyl and
peroxyl groups are only semi-quantitative methods for
analyzing the polymer oxidation process.'® Hence, additional
methodologies are required to quantify PS degradation
efficiency. Fig. 2B shows the carbon content monitored
throughout the PS degradation (liquid part) process for all
the samples. The liquids collected for TOC analysis showed
an increasing carbon content throughout the reaction. The
photocatalytic process with TiAP,ir. showed the highest
increase in the carbon content. Typically, the detection of
higher carbon content in the liquid part is due to the release
of carbon chains during the polymer photo-degradation
process. A representative liquid part (TiAP_PC) collected after

(B)

50 == rc
4,51+ TIAP_With H,0,
——TiAP, ., PC
4.04-0-TiAP,._PF
l——Ti
3.5 TP, PC
O TIAP, . _PF
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2.0
1.5
1.0-

0.1Fe—

1Fe—

TOC/TOCq

200 300 400 500
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(A) Relative changes in the Cl and Pl after the photocatalytic (PC) and photo-Fenton (PF)-based processes for TiAP and different

concentrations of Fe-modified TiAP. (B) TOC was monitored throughout the PC and PF processes.
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480 min and 24 h of irradiation was analyzed by NMR, and
proton signals between 0.8 and 1.9 ppm belonging to
aliphatic groups were observed (Fig. S7af). Therefore, ROS
generated during the photocatalytic degradation were used to
break the PS MPs into aliphatic chains. However, with
prolonged irradiation (at least 24 h), the broken polymer
chains eventually mineralized to CO, and H,0.'®'" Indeed,
the longer irradiation time (24 h) using TiAP resulted in
approx. 53% mineralization of the PS MPs (Fig. S7b¥). Since
this work deals with understanding the photocatalytic/Fenton
processes in non-modified and Fe-modified TiAP, the TOC
experiments were not carried out for a longer treatment time
for other samples. The summaries of reported research work
on CI, PI, and mineralization extent according to their
photocatalytic conditions are tabulated in Table S2.f Our
reported CI, PI, and mineralization extent are similar to other
reported studies on the photo-induced degradation of PS
MPs.

HR-SEM and HR-TEM images before the treatment and after
the photocatalytic and photo-Fenton-based process are shown
in Fig. 3 and 4 and S8, respectively. The representative EDX
mapping in Fig. 3B shows that the spherical-shaped particles
are carbon (green) belonging to the PS MPs, and Ti (red) covers
the surface of PS MPs. O (white) is present throughout the
samples that belong to PS MPs and TiO, photocatalysts.
Interestingly, after 480 min of both photocatalytic/Fenton-based

TiAP (Before Treatment)

(A)

.

~TIAP e After PF|

)"
-9y
>

(B)

Fig. 3

TiAP_With H,0,

TiAPg 1re
(Before Treatment)
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processes, the photocatalyst (TiAP and Fe-modified TiAP) covers
the surface of the PS MPs. This coverage of the photocatalysts
around the PS MPs could facilitate an attack of the HO" radicals
on the PS MPs, leading to their degradation.®*

The thermal decomposition of the PS MPs before and after
the photo-induced processes using non-modified TiAP,
TiAPy g1re, and TiAP, g Was investigated using TGA/DSC-MS
(Table 2, Fig. S9-S117). Particularly, the mass loss was recorded
for the samples with the highest and lowest changes in CI value
(Fig. 2A). Further, the thermal decomposition of unmodified
peroxo-titanate powders without PS MPs was investigated in
detail in our previous study.”***®” Evidently, all the samples
before and after the photo-induced processes showed two-step
thermal decomposition. In the first step, between 30 and 200
°C, the evolution of adsorbed water from the surface of the
samples was observed. Then, in the second step, the
decomposition of PS MPs with a DTG curve maximum at
approx. 440 °C was observed to be connected with the evolution
of PS fragments with m/z of 51, 78, 103, and 104.°**° Further,
hardly any changes in the DSC curve were observed during the
measurements (Fig. S9-S117). The glass transition temperature
of PS was hardly observed around 100 °C’° because of the
simultaneous thermal analysis measurements. Also, there are
the same changes around the temperature of the main
degradation step, which is approx. at 440 °C. The mass residue
is 53-68% for the measured samples, i.e., around 32-47% of the

TiAPgo1re
(Before ;ILe,at_ment)

2 ym
TiAPg r_After PC

(A) Representative HRSEM images before treatment and samples with a higher change in Cl value after the photo-induced treatment

process and (B) EDX mapping of the representative sample (TiAP_Before Treatment), showing the distribution of C (PS MPs) colored in green, Ti in

red, and O in white.
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TiAP, o After PC

Fig. 4 Representative HR-TEM images of TiAP before treatment and samples with higher changes in the CI value (TiAP_With H,O, and

TIAPO _1Fe_After PC).

PS MPs were released during the thermal decomposition
process. However, it could be observed that there is a clear
difference in the total mass residue for the samples with the
highest change in the CI value (TiAP_With H,0, and
TiAP, yp._After PC). For instance, before the treatment, non-
modified TiAP and TiAP, 1. had retained approx. 61% and 56%
of their initial mass, respectively. However, after the photo-
induced treatment process, the mass residue increased to
approx. 68% for TiAP_With H,0, and 65% for TiAP, jr._After
PC. Since PS MPs were already degraded during the photo-
induced treatment process, there is a higher mass residue for
the samples with higher changes in the CI value. In other
words, PS MPs were partially removed during the photo-
degradation process, and a higher percentage of the materials’
mass belongs to the photocatalysts (TiAP or Fe-modified TiAP).
L. Nabi et al.”” also showed that in the case of PS MP-modified
TiO, films, 100% of the material mass belongs to TiO, after the
photocatalytic treatment. Additionally, the samples with lower
changes in CI value (TiAPy o1r._After PF and TiAP, ir._After PF)
showed no significant differences in the total mass residue
before and after the photo-induced treatment process (Table 2
and Fig. S117). Furthermore, the samples with higher changes
in the PI values (TiAP,;p. After PF) did not affect the mass
residue in the TGA/DSC-MS spectra. Hence, it could be
understood that the changes in the CI values are necessary to
affect the mass residue after the photo-induced treatment
process. Importantly, to confirm the reproducibility of the
experiments, TGA/DSC-MS measurements were repeated 5 times

Table 2 TGA/DSC-MS results of the temperature onset of the main
degradation step (Tonset) @and the mass residue at 600 °C (Rgpooc) before
and after the photo-induced treatment process

Sample Tunset (OC) R600°C (%)
TiAP (before treatment) 400 60.81
TiAP_With H,0, 407 67.90
TiAP, ire (before treatment) 414 56.36
TiAP, ;pe_After PC 419 64.70
TiAP, 1p._After PF 416 53.05

1522 | Environ. Sci.. Nano, 2025, 12, 1515-1530

for a representative sample (TiAP_With H,0,), and the
differences between particular measurements were +2.10%.
Therefore, the chosen evaluation methodology can be
considered reliable due to the negligible error in TGA-DSC/MS
measurements.

Interestingly, preliminary studies showed that the photo-
Fenton-based process using TiAP, r. showed the highest
caffeine degradation efficiency among all the treated
samples. However, a similar degradation efficiency in the
photo-Fenton process could not be obtained for PS MPs. This
could be because the mechanism of caffeine and PS MP
adsorption onto the photocatalysts differs between these two
pollutants. For instance, zeta potential measurements (Fig.
S12+) showed that the surface charge of caffeine at acidic pH
(~3) and near neutral pH (~6) is close to zero.”"””* Further,
the surface charge of Fe-modified TiO, (TiAP and Fe-
modified TiAP) remains positive for both neutral and acidic
pH, respectively.”* During the photo-induced degradation
process in water, the caffeine molecule adsorbs onto TiO,
(TiAP and Fe-modified TiAP) through hydrogen bond
formation.””® Therefore, caffeine degradation is better for
photocatalytic and photo-Fenton processes using TiAP and
Fe-modified TiAP. However, the surface charge of PS MPs
changes at near neutral and acidic pH. Zeta potential
measurements (Fig. S12at) showed that the surface charge of
PS MPs at near neutral and acidic pH is negative and
positive, respectively.”"”> Hence, owing to the better
electrostatic interaction between PS MPs and photocatalysts
(TiAP and TiAP-Fe) at near neutral pH a higher degradation
efficiency is exhibited. Meanwhile, at acidic pH, both
photocatalysts and PS MPs showed positive surface charges,
and hence, the interaction between them became weaker,
thereby affecting the degradation efficiency. To confirm the
interaction of a positively charged photocatalyst with another
positively charged pollutant, methylene blue (MB) was chosen
as a model organic cationic pollutant.”” Interestingly, almost
similar MB degradation efficiency (~61%) was obtained
between photocatalytic and photo-Fenton processes at acidic
pH using TiAPyqre (Fig. S12bf). This indicates that

This journal is © The Royal Society of Chemistry 2025
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electrostatic repulsion inhibits the photo-Fenton degradation
process at acidic pH. Indeed, the degradation efficiency is
related to the surface charge of the pollutant and the
photocatalyst.”®”” Nevertheless, TiAPy pc showed good
photocatalytic degradation of PS MPs among all the tested
samples. Even though the photo-Fenton process was weaker,
it still exhibited oxidative degradation of PS MPs.

Proton NMR spectra were recorded for the as-prepared PS
MPs, TiAP_With H,0,, and TiAP, . After PF (Fig. 5).
Typically, as-prepared PS MPs prepared for this study have
one set of peaks between 6.3 and 7.2 ppm belonging to
aromatic protons of the styrene moiety and between 0.8 and
1.9 ppm belonging to aliphatic protons.”® Already, oxidized
moieties of aromatic alcohols are present in the as-prepared
PS MPs at 2.3 and 5 ppm.”® During the photo-induced
degradation, polymer chains undergo scissions, which could
be observed in the NMR spectrum. Indeed, new NMR peaks
formed for TiAP_With H,0, and TiAPg o pe_After PF,
especially at 0.82 and 1.27 ppm (Fig. 5B and C). Furthermore,
during the photo-induced oxidation process, the cleavage of
aliphatic and aromatic alcohol groups, i.e., the peaks at 1.83,
2.26, and 5.01 ppm, was absent in the treated samples.
Additionally, proton NMR spectra recorded for the
homogenous Fenton process using Fe*" at pH 2 and pH 9
(Fig. S131) revealed only the formation of new peaks of

View Article Online
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aliphatic protons (at 0.83 and 1.28 ppm). In contrast,
negligible changes occurred in aliphatic and aromatic alcohol
groups. This difference in NMR spectra also could indicate
that these polymer chains were only partially affected during
the homogenous photo-Fenton degradation process.
Importantly, NMR spectra could be used to identify the
oxidative degradation of the PS MPs but not to determine the
extent of the degradation efficiency. Therefore, the samples,
irrespective of their degradation efficiency, showed the
oxidation of the polymer chains in the PS MPs.
Complementary to NMR spectra, HPLC-HRMS confirmed
the oxidation of PS MPs through photo-induced processes
(Fig. 6 and S14 and S157). HPLC-HRMS measurements were
carried out in both negative and positive modes for non-
treated PS MPs and samples with the highest change in CI
value (TiAP_With H,0,). Interestingly, the spectra for PS MPs
and TiAP_With H,0, could be obtained only from the
negative mode, indicating that by-products are polar
compounds that ionize by deprotonation. Further, clear
differences in chromatogram profiles were observed for PS
MPs and TiAP_With H,0,, at the wavelength of 220 nm and
280 nm, thereby confirming the photo-induced oxidation of
PS MPs (Fig. S14 and S157). Additionally, the m/z spectrum
showed the formation of additional peaks, which could be
possibly due to the degradation of PS MPs (Fig. 6). The m/z at

( B) ——TiAP, ., After PF
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——TiAP, . After PF

—— TiAP_With H,0,
——PS MPs
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Fig. 5 (A) 1H NMR spectra of PS MPs, TIAP_With H,O,, and TiAPg o1re_After PF. (B) and (C) The zoomed-in spectra between 0.8-1.3 ppm and 6.2-

7.5 ppm, respectively. Solvent peaks are marked with an asterisk (*).
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Fig. 6 HRMS spectra of (A and B) PS MPs zoomed in at retention times of 16.64 and 17.27, respectively. (C and D) TiAP_With H,O, zoomed in at
retention time of 16.72 and 17.33, respectively. Spectra were taken at a fragmentation intensity of 70 V.

219, 289, 329, 365, and 389 are closely related to the phenyl
groups, esters, and organic acids, which are common
oxidative degradation by-products.’®’ Based on m/z,
plausible intermediates formed are shown in Fig. S16.
Therefore, the formation of degradation by-products
confirms the photo-induced degradation of PS MPs.

The main ROS responsible for the degradation of PS MPs
during the photoinduced degradation process using TiAPy jge
were determined by electron paramagnetic resonance (EPR)
spectroscopy. The EPR spin trapping technique utilizing
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used to identify
the transient paramagnetic species formed upon exposure of
the aerated dispersions of TiAPg p.. The immediate
formation of the characteristic 4-line signal upon LED@365
nm exposure, assigned to the 'DMPO-OH spin-adduct with
spin-Hamiltonian parameters (ay = 1.501 mT, a¥ = 1.477 mT,
a13¢(6x"*C) = 0.737 mT, g = 2.0057; Fig. 7A) in the reaction

1524 | Environ. Sci.. Nano, 2025, 12, 1515-1530

system TiAP, 1r./DMPO/water, was observed. The spin-adduct
represents the HO' formed upon (i) oxidation of HO /H,O
adsorbed on the photocatalyst's surface and (if) cascade
complex reactions via O, /H,0, trapped by the DMPO spin
trap.””®° The dominant pathway - genuine spin trapping -
was supported by adding an aprotic dimethylsulfoxide
(DMSO) solvent into an aqueous suspension of TiAPg ;r.
(20% vol. DMSO). The LED@365 nm exposure led to the
generation of two spin-adducts, and the 6-line signal was
attributed to carbon-centered ‘DMPO-CHj; (ay = 1.325 mT, aby
=2.320 mT, g = 2.0057, cre] = 65%) along with 'DMPO-OH (ay
= 1.495 mT, af; = 1.442 mT, g = 2.0057, cre; = 35%; data not
shown). The rapid reaction of HO" with DMSO produces
methyl radicals, detectable in the reaction with DMPO as the
corresponding  spin-adduct 'DMPO-CHj;. The rapid
dismutation of the superoxide radical anion and low stability
of 'DMPO-0, /OOH in water limit the detection of O, in an

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Experimental (black) and simulated (red) EPR spectra (SW = 9 mT) obtained upon LED@365 nm exposure (irradiance 17 mW cm™2; exposure
300 s) of the aerated TiAPg 1re suspensions in the presence of (A) spin trap DMPO in water, (B) spin trap DMPO in DMSO, (C) spin trap DMPO in
water in the presence of H,O, (0.7% vol.) and (D) sterically hindered amine TMPO in water (TiAPg 4r. concentration 0.2 mg mL™; Co.pmpo = 0.042

M; Co,TMPO = 0.010 M).

aqueous environment. To support its formation upon
exposure, the experiments were performed in DMSO, a well-
known solvent stabilizing the superoxide radical anions.”®
The LED@365 nm exposure of the aerated DMSO suspension
of TiAPyir. in the presence of DMPO resulted in the
generation of four spin-adducts (Fig. 7B): 'DMPO-0, (anx =
1.287 mT, af; = 1.037 mT, af = 0.140 mT, g = 2.0057, Cye =
29%) produced by the reaction of O, with DMPO and
"DMPO-OCH; (ay = 1.329 mT, af; = 0.799 mT, af; = 0.162 mT,
g=2.0057, ¢} = 56%), DMPO-OR (ay = 1.390 mT, aj; = 1.162
mT, g = 2.0057, ¢;e; = 13%), and "DMPO-CH; (ay = 1.438 mT,
a¥; = 2.127 mT, g = 2.0057, ce = 2%).”>%° The production of
the 'DMPO-OCH; adduct is initiated by generated ROS
(mainly HO’), which immediately attack the DMSO

This journal is © The Royal Society of Chemistry 2025

molecules, forming methyl radicals, and the rapid reaction of
these methyl radicals with molecular oxygen results in the
generation of peroxomethyl radicals serving as a source of
‘DMPO-OCH; spin-adducts. The main source of ROS is
adsorbed H,O/HO™ naturally occurring on the photocatalyst
surface.”*%°

The addition of H,O, to the aerated aqueous suspension
of TiAPj ire in the presence of DMPO upon LED@365 nm
exposure resulted in the generation of two EPR signals
assigned to 'DMPO-OH (c,¢] = 70%) and 'DMPO-0, /OOH (ay
= 1.456 mT, af; = 1.129 mT, aj = 0.158 mT, g = 2.0057, C;e =
30%) (Fig. 7C). The presence of the second-mentioned spin-
adduct in aqueous media is relatively scarce; under given
experimental conditions, HOO" is formed, and the oxidation/

Environ. Sci.: Nano, 2025, 12, 1515-1530 | 1525
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reduction of H,0, by photogenerated holes and electrons
leads to the effective formation of molecular oxygen.®" The
higher amount of molecular oxygen was evidenced by the
presence of small bubbles in the EPR quartz cell and
broadened lines of EPR signals were observed. The higher
concentration of O, (and consecutive formation of O,”) and
the occurrence of HOO' enable the more effective generation
of the 'DMPO-0, /OOH spin-adduct.®® It should be noted
here that an analogous experiment without a photocatalyst in
the reaction system resulted only in the formation of "DMPO-
OH, and no presence of other spin-adducts was found.

The photoinduced oxidation of sterically hindered amines,
e.g., 4-0x0-2,2,6,6-tetramethylpiperide N-oxyl (TMPO), leads to
the formation of stable free nitroxide 4-0x0-2,2,6,6-
tetramethylpiperidone (Tempone). Fig. 7D represents
experimental and simulated EPR spectra of stable free
nitroxide Tempone formed upon LED@365 nm exposure in
the reaction system TiAP, 1r/TMPO/water/air (ay = 1.611 mT,
a13¢(6xC) = 0.641 mT, g = 2.0055). The main species
responsible for the oxidation is singlet oxygen (*0,), however,
ROS or other reactive species should be considered.”” The
addition of sodium azide, a widely used water-soluble 'O,
quencher,” led to a significant drop in EPR signal intensity
(80% decrease), supporting the 'O, formation under
experimental conditions. Additionally, the formation of the
ROS during the photo-induced degradation process was
complemented by scavenging experiments. IPA (HO)>*** and
BQ (0, and '0,)°*** were used as scavengers for
photocatalytic and photo-Fenton degradation processes,
respectively (Fig. S17at). The presence of both IPA and BQ
reduced the changes in the CI and PI values during the
photo-catalytic/Fenton process using TiAPg re, thereby
confirming the generation of these ROS (HO', O, ”, and '0,)
in both the photocatalytic and photo-Fenton systems.
Additionally, probably due to the quenching effect of the
scavenger, proton NMR spectra (Fig. S17bt) also showed only
the formation of new peaks at 0.83 and 1.28 ppm, whereas
no changes in the aromatic and aliphatic alcohol groups were
observed. Therefore, modification of TiAP with Fe produces
ROS by both the photocatalytic and photo-Fenton processes,
thereby enhancing the degradation efficiency of PS MPs (Fig.
S181). The ROS cleave polystyrene into intermediates
(detected by HPLC-HRMS) which finally mineralize into CO,
and H,O. This work will eventually lead to an understanding
of using efficient nanostructures to study the degradation of
PS MPs in the environment.

Conclusions

TiO, nanostructures were successfully prepared as aerogel
powders and further modified at the surface with Fe for
photocatalytic and photo-Fenton-based PS MP degradation.
The changes in CI and PI values corresponding to the photo-
induced degradation of PS MPs were observed with TiAP, and
Fe-modified TiAP (0.01-1 at%) were monitored by ATR-IR
spectroscopy technique. Accordingly, TiAP_With H,0, and
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TiAP, 1r._After PC showed the highest change in the CI value,
i.e., these two samples exhibited the highest degradation of
PS MPs. Owing to the better electrostatic interaction between
the PS MPs and catalyst (TiAP and TiAP,; p.) a higher
degradation efficiency was achieved. In contrast, in the
photo-Fenton-based system, the electrostatic interaction
between PS MPs and Fe-modified TiAP (TiAP,ir.) became
weaker, lowering the degradation efficiency. Even though Fe
modification improves e /h" separation, the electrostatic
interaction between the pollutant and catalyst plays a vital
role in the degradation of organic pollutants. Further, TGA/
DSC-MS showed that the samples with higher CI value
changes showed significant residual mass changes after the
photo-induced treatment process. In contrast, samples with
lower changes in the CI value did not trigger a residual mass
change. Subsequently, NMR spectral peaks related to the
oxidative degradation of PS MPs were observed for the
samples with higher and lower changes in the CI values,
confirming the breakage of the polymer chains. Furthermore,
HPLC-HRMS spectra showed the formation of degradation
by-products after the photo-induced degradation process for
the sample with a higher change in the CI value. Finally, TOC
results for more extended treatment time revealed the
eventual mineralization of the PS MPs. EPR spectroscopy and
scavenging experiments show the generation of ROS in
photocatalytic (HO', O,, and '0,) and photo-Fenton (HO',
HOO', and O,") systems using TiAP, ;ge. This study will assist
in preparing efficient nanostructures and choosing better
photo-induced processes for treating MPs in water.
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