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The existence of microplastics (MPs) in marine and terrestrial environments is increasing tremendously.
Due to their size (<5 mm), MPs could easily pass through the filtration processes of typical water treatment
plants and ultimately reach surface water. Separation of MPs from aqueous media is expensive, and the
treatment methods generally used for macro-plastic waste are unsuitable for MPs. Therefore,
photocatalysis is an alternative technique to tackle environmental MP pollution. Though the photocatalytic
degradation of various MPs has been reported, the effect of process parameters on photocatalytic
degradation has not been investigated extensively. To fill this gap, the influence of various operating
variables such as irradiation time, initial concentration of MPs, photocatalyst loading, initial pH, and reaction
temperature on the photocatalytic degradation process of polystyrene (PS) MPs was investigated using a
novel photocatalyst, i.e., Ag* doped TiO,, heterojunctioned with few-layered graphene (ATG) under visible
light irradiation. Further, photodegraded samples were analyzed using a nephelometer, FESEM, FTIR, XPS,
TOC, GC-MS, and *H-NMR analyses to determine the effectiveness of the proposed photocatalyst. The
results have revealed that visible-light-driven photocatalysis enhances PS polymeric chain scissions and
reduces the concentration of PS MPs up to 63.28% within 120 h of irradiation. With a fixed amount of ATG,
the increase in MP concentration decreased the degradation percentage. Similarly, the optimum ATG
loading value with a pre-fixed MP concentration value improved the percentage mass loss. Further, ATG
has exhibited a better performance at the pH value of 6.2 and ambient temperature.
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human health.®° The primary sources of MPs that enter the
food chain are tap water,"* bottled water,"* and commercial

1. Introduction

Few-layered graphene (FLG) is a two-dimensional carbon
nanomaterial comprising a few stacked graphene sheets,
typically ranging from 2 to 10 layers. It exhibits exceptional
electrical, thermal, and mechanical properties, making it a
promising candidate for a wide range of applications.?
Photocatalysis is one among them that utilizes light to
degrade several environmental contaminants,® including
microplastics (MPs) suspended in the aqueous phase.

MPs are less than 5 mm in size and have a vast surface-to-
volume ratio. Due to their chemical properties, MPs could
adsorb  hazardous substances from their adjacent
environment.*” On the other hand, MPs can serve as vectors
for pathogens, bacteria, and viruses.*’” Further, these MPs,
along with harmful contaminants and microbes, can enter
the human body through lower trophic levels and threaten
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salt.”® Based on recent studies, an average human being's
intake is 5 g of MPs per week, which is nearly equal to a debit
card's weight.™*

Polystyrene (PS) is a common type of MP found in the
environment due to the low recycling rate worldwide."
Recent investigations reported that PS waste can generate
MPs when exposed to sunlight.'®'” Several studies proved
that PS MPs could cause respiratory problems and even pass
through human cells, creating hazardous effects."®™>"
Therefore, this drives an urgency to eradicate these MPs from
aqueous media.

Traditional removal methods, such as filtration,*?
sedimentation,>*?*  bioremediation,>*?® and chemical
treatments,>” often fall short due to their inefficiency, high
operational costs, and secondary pollution risks. They rely on
physical removal, which can result in MP accumulation in
sludge or landfill disposal.*® Alternatively, photocatalytic
degradation, an advanced oxidation process that involves
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highly active radicals to break down MPs under light
irradiation, has emerged as a promising solution.*’
Therefore, = numerous  researchers  have  proposed
photocatalysis to degrade various MPs suspended in aquatic
environments. TiO, is a widely used photocatalyst owing to
its higher oxidizing power, chemical inertness, and water
insolubility. However, it has two major limitations: 1) a larger
bandgap®® and 2) a shorter lifetime of photogenerated e /h*
pairs.*** Thus, TiO, only facilitates UV light. To enhance the
optical absorption of the TiO, photocatalyst in the visible
region, its structure must be modified using different
techniques such as doping, grafting, heterojunction, etc.*
Comparatively, doping a noble metal ion into the TiO, lattice
will substantially reduce its bandgap due to the plasmonic
effect.”® Some of the noble metals, such as Ag,*>° Au,*
pt,**? pd,** and Ru,*® are incorporated into different
photocatalysts to shift their absorption into the visible
region. However, compared with other noble metals, silver
(Ag) is commonly used as a dopant in photocatalysts, which
is economically feasible in the photocatalytic degradation of
a wide range of pollutants.

In the same way, employing heterojunctions in
photocatalysis has been proven to be the most promising
approach for preparing advanced photocatalysts because of
their feasibility and effectiveness for the spatial separation of
e’/h" pairs.” Several materials were used to generate
heterojunctions, such as carbon nanotubes,*® reduced
graphene oxide,*® MoS,,* Bi,03,”° WO;,”" and g-C;N, (ref. 52
and 53) with various photocatalysts to reduce the
recombination rate of the photo-induced charge carriers.
These modification techniques ultimately enhance the
effectiveness of the photocatalyst, which directly improves its
performance in degrading emerging environmental
pollutants using abundant visible light.

Therefore, the current study proposes a novel
photocatalyst, Ag" doped TiO, heterojunctioned with FLG
(ATG) nanocomposite, to degrade monodispersed PS MPs
uniformly suspended in the aquatic environment. The ATG
photocatalyst was synthesized through a simple and
inexpensive sol-gel technique and characterized using
FESEM, XRD, XPS, DRS, and BET. Later, we have investigated
the effect of various operating parameters such as irradiation
time, initial concentration of PS MPs, loading of ATG, initial
pH, and reaction temperature on the performance of ATG to
degrade the aqueous phase PS MPs utilizing cost-effective
visible light. Further, photodegraded PS MP samples were
examined using a nephelometer, FESEM, XPS, FTIR, GC-MS,
TOC analyzer, and 'H-NMR spectrometer to evaluate the
effectiveness of ATG.

2. Materials and methods
2.1 Materials

Titanium(wv) isopropoxide (Ti{OCH(CHj),}s, TTIP, 97 + %,
Thermo Fisher Scientific India Pvt. Ltd.), silver nitrate
(AgNO3, =99%, Sigma Aldrich), hydrochloric acid (HCI, extra
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pure, Finar), and ethanol (EtOH, C,H;OH, 99.9%, RCP
Distilleries India Pvt. Ltd.) were used as the TiO, precursor,
Ag" precursor, catalyst, and solvent, respectively. Natural
graphite flakes (grade: +32 mesh, Nickunj Eximp Entp P Ltd.)
and propan-2-ol (CH;CH(OH)CHj;, isopropanol, IPA, extra
pure, Finar) were utilized to produce FLG. All the
experiments were performed using deionized (DI) water.

2.2 Synthesis of FLG

FLG was synthesized through the liquid phase exfoliation
(LPE) technique mentioned elsewhere.>® Initially, 10 g of
natural graphite flakes were mixed in a proportionate
solution (100 mL) of IPA in DI water. Then, the mixture was
sonicated using a probe sonicator (make: Hielscher; Model:
UP200H) at a frequency of 50/60 Hz for 1 h in an ice bath.
Sonication was carried out intermittently with 40% amplitude
and stopped for 10 minutes for every 10 minutes of
functioning to prevent solvent evaporation due to excess heat
generation. During the sonication process, the pressure
variations in the solvent stimulate the growth and collapse of
the micron-sized bubbles that induce the exfoliation of the
bulk graphite.>® After the sonication, the solution was
centrifuged at 500 rpm for 90 minutes using a fixed-angle
rotor laboratory centrifuge (make: Eppendorf; Model: 5430
R). Then, the top 50% of the graphene dispersion was
carefully pipetted using a fine pipette (100-1000 pl) and
transferred into another centrifuge tube. Finally, the obtained
graphene dispersion was centrifuged at 6000 rpm for 1 h to
separate the FLG, which was further dried in an oven
overnight at 80 °C to remove the moisture. The powdered
FLG was then characterized using FESEM, HRTEM, and
Raman analysis.

2.3 Synthesis of the photocatalyst

The ATG photocatalyst was prepared using a simple and cost-
effective sol-gel technique reported by Chinnam et al., with a
slight modification.*® Initially, FLG was uniformly distributed
in ethanol through the probe sonication technique. Next,
TTIP in ethanol (1:10 ratio) and three mol% of AgNO; in
ethanol solutions were added dropwise to the FLG dispersion
one after another while maintaining a constant stirring speed
of 350 rpm. Later, HCl was added dropwise to the above
solution. Finally, a gel was obtained after the dropwise
addition of DI water, which was further dried overnight in an
oven at 70 °C, and then calcined at 450 °C for 1 h in a muffle
furnace with a ramp rate of 5 °C min '. After that, the
calcined photocatalyst was ground into powder and examined
with a FESEM, XRD, BET analyzer, and UV/vis-DRS
spectrometer to study the morphological and structural
properties. In addition, we synthesized monodispersed PS
MPs to evaluate the degradation performance of the prepared
ATG photocatalyst. The detailed synthesis procedure and
characterization results of PS MPs were described in our
previous article.?®
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2.4 Photocatalytic degradation studies

Photocatalytic degradation studies were conducted in a
custom-designed wooden chamber with dimensions of 45 cm x
40 cm x 30 cm in length, height, and width, respectively. A 50
W LED light (wavelength in the range of 400-800 nm, 5250 Im)
was placed at the top of the reaction chamber. Firstly, a PS MP
concentration of 0.05% w/v in 20 ml DI water was prepared
and ultrasonicated for 10 min to obtain a uniformly dispersed
suspension. Later, 5 mg (0.25 ¢ L") of ATG photocatalyst was
added to the PS suspension. Next, the reaction mixture was
irradiated with light from a distance of 20 cm while
continuously stirring at 300 rpm. At pre-defined time intervals,
the reaction media were allowed to settle the ATG nanoparticles
immediately at the bottom of the reactor flask. Later, the
degraded MP suspension was separated and examined using a
nephelometer, GC-MS, and 'H-NMR spectrometer. Also, the
diluted MP suspensions were assessed using a TOC analyzer.
Moreover, MPs were separated from aqueous media & dried to
characterize using FTIR. Finally, the procedure was repeated by
varying process parameters such as irradiation time, initial PS
MP concentration, ATG loading, initial pH, and reaction
temperature.

2.5 Characterization techniques

Qualitative analysis of FLG was identified using Raman
spectroscopy with a 532 nm excitation laser (make: Witec;
Model: alpha 300) and HRTEM (make: Thermo Scientific;
Model: Talos F200S G2). FLG and ATG morphological
studies were performed using FESEM (make: JEOL; Model:
JSM IT-800). A powder X-ray diffractometer (make:
Panalytical; Model: X-pert powder) was employed to identify
the phase and compute the structural properties of ATG.
The optical spectrum of ATG was analyzed using a UV/vis-
DRS spectrometer (make: Analytic Jena; Model: SPECORD-
210 Plus) to estimate the bandgap. BET (Brunauer-Emmett-
Teller) (make: Quantachrome instruments; Model: Autosorb
IQ-MP-MP (2 stat.) Viton) was utilized to evaluate the
specific surface area of the prepared photocatalyst. The
turbidity of photodegraded PS MP suspensions was
measured using a nephelometer (make: Hanna Instruments;
Model: HI83414) to determine the concentration of PS MPs.
The total organic carbon (TOC) content of the as-prepared
and photodegraded MP suspensions was measured using a
TOC analyzer (make: Shimadzu; Model: TOC-L CPN).
Oxidative photocatalytic degradation was validated by
identifying the functional groups of the PS MPs before and
after the photodegradation process through ATR-FTIR
(make: Bruker; Model: Alpha-II) analysis. The reaction
medium (photodegraded MP suspension) was examined
employing a GC-MS spectrometer (make: Agilent; Model: GC
8890/MS5977C/Autosampler7693A)  to  recognize  the
intermediate compounds of the photocatalytic degradation
process. The 'H-NMR spectrum of the photodegraded PS
MP suspension was acquired through an NMR spectrometer
(make: Bruker; Model: Avance III HD 400 MHz).
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3. Results & discussion
3.1 Characterization of FLG

FLG was synthesized through LPE and characterized using
FESEM, Raman spectroscopy, and HRTEM to examine the
morphological and structural properties. Generally, LPE
yields high purity of FLG in a smaller quantity.>® A flaky
structure of synthesized FLG with irregular size and shape
was demonstrated in the FESEM image, as shown in
Fig. 1(a). Raman analysis was performed to validate that the
FLG has been exfoliated. The G and 2D bands were identified
at 1580 and 2708 cm™', respectively, as shown in Fig. 1(b).
The G band is associated with the longitudinal optical
phonon mode, representing in-plane vibrations of sp>
hybridized carbon atoms.”” The 2D peak is a second-order
dispersive Raman characteristic of the graphitic material
correlated with the shape.’® The D band appears at 1345
em™', indicating the edges of finite-size FLG and atomic
defects within the layer. The relative intensity of D to G, i.e.,

1
(I_D) determines the degree of disorder in the sample, which
G

is evaluated as 0.34.>° The lateral crystallite size (L,) was
calculated as 56.25 nm using the expression below:*°

-1
Ly = (2.4x107"%)4* ( b ) (1)
e
where /; is the wavelength of the excitation laser.

Fig. 1(c) illustrates the HRTEM micrograph of synthesized
FLG. Observations validate that the LPE exfoliated FLG is
likely in the form of a layered sheet with ~9 layers of
graphene, where the distance between two layers is 0.335 nm.
Fig. 1(d) shows the selected area electron diffraction (SAED)
pattern, which discloses that the spots (0-110) and (~1010)
are weaker than the spots (1-210) and (-2110), indicating the
existence of FLG sheets.®>®® Thus, these analyses confirm the
quality of the synthesized FLG used in preparing the
nanocomposite, ATG.

3.2 Characterization of ATG

The phase and crystalline properties of synthesized ATG were
determined through XRD analysis. Fig. 2(a) demonstrates the
diffraction spectrum of ATG, which confirms that the anatase
phase prevails as the higher intensity peak is observed at a 26
of 25.21° compared with the rutile phase peak at 27.18°. The
diffraction peaks corresponding to silver and FLG indicate that
adequate amounts of each material are augmented to host the
photocatalyst TiO,. Further, the higher intensity diffraction
peak corresponding to FLG (20 = 26.4°) in the ATG spectrum
coincides with the major peak of TiO, (20 = 25.21°).° The
crystallite size of the photocatalyst was calculated using the
Debye-Scherrer equation mentioned below:

D_ KA
" fcosh

(2)

where D is the crystalline size, x is the Scherrer constant, 1 is
the X-ray wavelength, and £ is the full-width half maximum

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 a) FESEM image; b) Raman spectrum; c) HRTEM micrograph; and d) SAED pattern of synthesized FLG.

(FWHM) of the higher intensity peak. The evaluated crystallite
size of ATG, the lattice parameters, and interplanar spacing are
presented in Table 1.

The bandgap analysis of ATG was conducted through DRS
reflectance spectroscopy, followed by Tauc's plot method as
shown in Fig. 2(b). This method postulates that the
absorption coefficient alpha (&) is associated with the
bandgap,®* as stated in eqn (3):

(a0 x hv)" = A(hv - E) 3)

where % is the Planck constant, v is the photon's frequency,
E, is the bandgap, A is a proportionality constant, and 7 is 2
for the direct bandgap and 3 for the indirect bandgap type
semiconductors. According to Kubelka-Munk theory,®® the
above equation can be transformed into an equivalent
reflectance spectrum for diffuse reflectance spectroscopy
measurements as shown in eqn (4) and (5):

(R) % )" = alhw - £, (@)
firy =R _a )

where S is the scattering coefficient and R is the absolute
reflectance for the measured sample. As determined in
Fig. 2(b), the bandgap of pristine anatase TiO, was reduced
significantly by doping silver ions into the lattice of TiO, due
to the inherent plasmonic nature of the noble metal silver.

This journal is © The Royal Society of Chemistry 2025

Further, heterojunctions don't intrinsically decrease the
bandgap of a semiconductor, they can influence the effective
bandgap by developing a potential well that permits the
tuning of electronic properties.®® Moreover, the orientation
and contact between the two materials in the heterojunction
play a crucial role in effective spatial charge separation and
bandgap reduction.’™®” Therefore, Ag" doping and FLG
heterojunctions substantially reduced the bandgap of host
photocatalyst TiO, from 3.2 to 2.67 eV.

The N, adsorption-desorption isotherm of ATG is
displayed in Fig. 2(c). The surface area of nanoparticles plays
an important role in photocatalysis. The BET-specific surface
area of ATG was determined as 65.26 m* g, which is greater
than that of commercially available TiO,.°® This ensures a
higher contact area between the MPs and the photocatalyst,
which improves the adsorption rate to enhance the
performance of the photocatalyst.

Later, the morphology of the ATG photocatalyst was
studied using FESEM. Fig. 3(a) shows the crystalline
nanoparticles of ATG. Meanwhile, the energy dispersive
X-ray spectroscopy (EDX) spectrum of ATG is shown in
Fig. 3(b). The elemental analysis performed by EDX
indicates the peaks corresponding to Ti, O, Ag, and C,
which confirms that sufficient quantities of Ag" and FLG
are incorporated into TiO,. Moreover, each element (Ti, O,
Ag, and C) of the ATG nanocomposite was well distributed,
as shown in Fig. 3(c).

Further, pristine TiO, and ATG were examined using an
XPS spectrometer, and the survey spectra are shown in Fig.

Catal. Sci. Technol., 2025, 15, 6884-6898 | 6887
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Fig. 2 a) XRD analysis; b) Tauc's plot corresponding to the reflectance spectrum; and c) N, adsorption-desorption isotherm of ATG.

Table 1 Structural properties of the synthesized ATG

Lattice parameter (A)

Crystallite Interplanar
Sample 20 (°) FWHM (°) size (D) (nm) a=b c spacing (d) (A)
ATG 25.21 0.44 19.32 3.82 9.55 3.53

S1. The high-resolution spectra of Ti 2p, O 1s of TiO, and,
Ti 2p, O 1s, Ag 3d, and C 1s of ATG are displayed in
Fig. 4(a) to (f). Binding energies of Ti 2ps;, and Ti 2py,, are
detected at ~457.4 and ~463.1 eV, demonstrating the
presence of the Ti** state in both TiO, and ATG.®® Likewise,
the O 1s binding energy is observed at 528.5 eV due to the
existence of O®  in both the TiO, and ATG lattices.”®
Meanwhile, in the case of ATG, deconvoluted binding
energies of Ag 3ds, and Ag 3d;, are presented at peaks
371.5 and 365.6 eV, indicating the existence of Ag.”*
Similarly, the binding energy corresponding to the C 1s
spectrum is observed at 284.5 and 287.3 eV. The first peak
confirms the C-C & C=C bonds of FLG. The second peak
indicates the inter-molecular interactions (due to
heterojunctions) between Ag-TiO, & FLG. It also resembles

6888 | Catal. Sci. Technol,, 2025, 15, 6884-6898

—O & C-O bonds due to partial oxidization of FLG
occurred during the calcination process.”*”*

3.3 Photocatalytic degradation studies

3.3.1 Impact of irradiation time. The concentration (in %
w/v) of the photodegraded PS MP suspension was
evaluated using the turbidity calibration curve reported in
our previous article.”® In brief, known concentrations (0.01
to 0.08% w/v) of PS MPs dispersed in DI water were
prepared and their turbidity was measured to plot the
calibration curve. Turbidity analysis is a significantly used
technique to estimate the percentage concentration of
pollutants eliminated from the aquatic environment.”*””
Fig. 5(a) shows the time-dependent photocatalytic

This journal is © The Royal Society of Chemistry 2025
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degradation process of PS MPs in the presence of ATG.  63.34% mass loss, where the % mass loss of the

After 120 h of irradiation, the PS MP concentration was
gradually reduced from 0.05 to 0.01833% w/v, yielding a

This journal is © The Royal Society of Chemistry 2025

photocatalytic degradation process was calculated using
the formula given below:
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(6)

After 96 h of irradiation, the slope rate of the percentage
mass loss curve is minimal (2.88%, which is less than 5%
even after 24 h of irradiation). Therefore, the optimum
irradiation time for the described process is chosen as 96 h,
beyond which the degradation rate is insignificant.

Fig. 5(b) shows the rate constant plot of the heterogeneous
photocatalytic degradation process of PS MPs, acquired by
first-order reaction kinetics as expressed in eqn (7):

ke @)
Co
where C (%w/v) is the final concentration at the time ¢ (h), C,
(%w/v) is the initial concentration, and k (h™") is the reaction
rate constant of the first-order.

Next, the as-prepared and photodegraded MP suspensions
were diluted to determine the initial and final TOC contents
(TOC, & TOC) to estimate fractional mineralization. The TOC
value signifies the organic carbon related to PS polymeric
chains and intermediates formed during oxidative
photocatalytic degradation.”® The reduction in TOC value
imparts the partial mineralization of PS MPs. The PS MP
suspension's true TOC value was gradually reduced from
787.8 to 495.6 mg L~ while increasing the irradiated time to

Table 2 Photocatalytic mineralization of PS MPs in the presence of ATG

Time (h) 0 24 48 72 96 120

TOC (mg Lfl) 787.8 693.7 621.4 563.3 516.5 495.6

6890 | Catal. Sci. Technol., 2025, 15, 6884-6898

120 h, as shown in Table 2. Therefore, it is confirmed that
the photocatalytic degradation process of PS MPs produced
the intermediate products, and part of them transformed
into inorganic carbon due to PS polymeric chain scissions.

Later, photodegraded PS MPs were separated from the
reaction media through centrifugal action and dried to
identify the existing functional groups using FTIR analysis.
Fig. 6(a) presents the associated FTIR spectra of the as-
prepared and photodegraded PS MPs. By comparing both the
FTIR spectra before and after the photocatalytic degradation,
the identified new peaks from the wavenumbers of 800 to
1250 cm™" represent the stretching of the C=C bond, which
indicates the existence of alkenes.*®’” FTIR spectra were
magnified to visualize the bands corresponding to the
formation of alkenes as illustrated in Fig. 6(b). Likewise, new
additional peaks in the region from 1300 to 1750 cm™
correspond to the formation of carbonyl functional groups
(carboxylic acids (R-COOH), aldehydes (R-CHO), or ketones
(R-(CO)-R)), which are displayed in Fig. 6(c).”*”® Similarly,
another set of new peaks at different wavenumbers in the
region from 2150 to 2650 cm ' indicate C=C=O bond
stretching, which implies the presence of ketenes on the PS
polymeric chain, as shown in Fig. 6(d).”””°

The carbonyl index (CI) of the as-prepared and degraded
PS MPs was evaluated using the carbonyl peak at 1603 cm™
and a reference peak (highly stable aromatic C-H bond) at
3057 ecm ™ .”*”® The CI confirms the photochemical oxidation
of unsaturated functional groups (C=C to C=O0). The
assessed values of CI are 0.26 and 0.54, corresponding to the
as-prepared and photocatalytically degraded PS MPs,
respectively.

Further, the as-prepared and photodegraded PS MPs were
analysed using XPS to study the chemical changes occurred

This journal is © The Royal Society of Chemistry 2025
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on the surface of MPs due to photodegradation. Fig. S2
demonstrates the survey spectra of both the as-prepared and
photodegraded PS MPs. Fig. 7(a) to (d) show the C 1s and O
1s spectra of the as-prepared and degraded PS MPs. A single
peak at 284.7 eV in the C 1s spectra of the as-prepared PS
MPs is attributed to the C-C or C-H bonds of the polymer.
Meanwhile, the binding energy at 286 eV indicates the
formation of the C-O group in the C 1s spectra of degraded
PS MPs.®® Similarly, the binding energy of O 1s is detected at
532.2 eV, representing the presence of impure oxygen groups
(C-0) on the surface of the as-prepared PS MPs. On the other
hand, a new peak at 533.1 eV corresponds to the -COO
group, which resembles the further oxidation of C-O to
-COO in photodegradation of PS MPs.*

Furthermore, the morphological changes due to surface
degradation of PS MPs were observed through FESEM
analysis. Fig. 8(a) illustrates the as-prepared spherical shaped
PS MPs and Fig. 8(b) and (c) confirm the surface

This journal is © The Royal Society of Chemistry 2025

deterioration due to photodegradation of PS MPs. After 120 h
of irradiation, we were unable to recognize the original
spherical shape of MPs. Rather, EDAX analysis (shown in
Fig. 8(d)) reveals the chemical composition of the material,
thereby concluding the degraded PS MPs.

Finally, GC-MS analysis was performed to identify the
potential intermediates of the oxidative degradation process,
and the spectrum is displayed in Fig. 9. Exposure of ATG to
visible light initiates the degradation process by producing
e /h" pairs in ATG. Later, photo induced e will transfer to the
conduction band, leaving h* in the valence band of ATG. Then,
these e~ and/or h* will generate highly active radicals e.g.,
hydroxide and superoxide radicals (-OH and -O,") by attacking
adsorbed molecules on the surface of the ATG. Further, these
radicals break down the PS polymer chains. In general, the
degradation reaction mechanisms occur in several pathways
due to numerous possibilities of bond breaking, which
includes elimination or addition and/or recombination of

Catal. Sci. Technol., 2025, 15, 6884-6898 | 6891
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Fig. 9 GC-MS spectrum of photodegraded PS MPs after 120 h of irradiation.

various atoms. Table S1 shows the intermediate compounds
produced during degradation and their concentration in the
bulk sample. On keen observation of produced intermediates
during the photocatalytic degradation process, and comparing
them with other research studies (Acuiia-Bedoya et al 2021;
Dominguez-Jaimes et al. 2021; Khairudin et al. 2022),”*">7% it
is possible to confirm that -O," plays probably a dominant role
in the PS degradation mechanism.

Further, Table S1 also reveals the toxicity level of each
intermediate product according to the Material Safety Data
Sheet (MSDS). Most of the produced intermediates are either
non-toxic or cause mild inflammation. Besides,
2,2-dimethylpentane is toxic as per MSDS, but its
concentration is 0.07%, which is minute. However, PS MPs
are comparatively more toxic than the detected
intermediates, due to an extensive ecological influence and
lifetime environmental & health effects as discussed earlier
in section 1.

3.3.2 Impact of PS MP concentration. Once the irradiation
time was optimized, the initial concentration of the PS MP
suspension was altered to understand its effect on ATG
performance. Other process parameters (irradiation time,
ATG loading, initial pH, and reaction temperature) were
remained unchanged at 96 h, 0.25 g L', 6.2, and ambient.
The PS MP concentration varied from 0.02 to 0.065% w/v,
and the response plot is displayed in Fig. 10(a). The
percentage degradation gradually increased from 0.02 to
0.03% w/v of the initial PS MP concentration as C is directly
proportional to C, according to eqn (6). Then, it decreased
slowly from 0.03 to 0.065% w/v, as the increased initial PS
MP concentration increased the turbidity of the reaction
suspension, which obstructs the light from proceeding with
further reactions.®® Therefore, 0.03% w/v PS MP
concentration is chosen as optimum, which yields 65.63%
mass loss for this photocatalytic degradation system.

3.3.3 Impact of ATG loading. Similarly, to evaluate the
effect of ATG loading on the photocatalytic degradation
process, the amount of ATG was varied from 0.15 to 0.35 g

This journal is © The Royal Society of Chemistry 2025

L', During this, an optimized irradiation time of 96 h and a
PS MP concentration of 0.03% w/v were employed. Also, other
reaction conditions, such as an initial pH of 6.2 and ambient
reaction temperature, were maintained. Fig. 10(b)
demonstrates the impact of ATG loading on the degradation
of PS MPs suspended in aqueous media. The percentage
degradation continued to increase as the ATG dosage
increased. However, it increased rapidly from 0.15 to 0.25 g
L™ of ATG loading, and then there was an insignificant
improvement in the percentage mass loss beyond 0.25 g L™".
Given that, increasing ATG loading will increase the amount
of light being scattered, which hinders the transmittance of
light.®" Thus, 0.25 g L' ATG loading is considered as the
optimum for the described photocatalytic system.

3.3.4 Impact of initial pH. The initial pH of the PS MP
suspension significantly controls the surface charge of the
photocatalyst, which directly affects the performance of
photocatalysis. ~ To  investigate  this,  photocatalytic
degradation studies were conducted in an ambient
atmosphere, at different initial pH values ranging from 4.5
to 9 while maintaining the optimized process conditions;
the concentration of PS MPs at 0.03% w/v, ATG loading at
0.25 g L', and an irradiation time of 96 h. The host
material of ATG, ie., TiO,, has superior oxidizing ability
under acidic conditions; however, additional H" ions might
decrease the degradation rate.®” The surface of ATG
becomes protonated at acidic pH and initiates rivalry
among MPs and CI” ions (coming from HCI) at the ATG's
active sites.”® Likewise, under alkaline conditions, the
surface of ATG will be deprotonated, and it is incompatible
with photocatalysis due to the repulsion of PS MPs at the
negatively charged surface of ATG.** Fig. 10(c) shows the
influence of initial pH on the photocatalytic degradation
process of PS MPs. The degradation rate is enhanced from
an acidic to a neutral pH of 6.2 and then diminished under
alkaline conditions. Further, as the photocatalysis
progresses, a reduction in the pH value of 0.3 to 0.4 is
observed after 96 h of irradiation. This may be due to the

Catal. Sci. Technol., 2025, 15, 6884-6898 | 6893
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process.

acidic nature of the produced intermediates. Accordingly,
MPs' optimum percentage mass loss will be obtained in the
pH range of 6 to 6.6.

3.3.5 Impact of reaction temperature. Finally, to study the
impact of the reaction temperature on the photocatalytic
degradation of PS MPs, photocatalytic reactions were
performed at various temperature values ie., 25, 30 (ambient
temperature), 35, 40, and 45 °C while sustaining other
reaction  parameters: irradiation time, initial MP
concentration, ATG dosage, and initial pH at their optimized
values. Each pre-defined temperature was preserved
uniformly during the degradation, using an orbital shaking
incubator (Remi, CIS-24 plus). Generally, photocatalytic
activity will be improved with reaction temperature. However,
in the case of photocatalysis, a temperature rise beyond 80
°C is not favourable for the photocatalytic reactions to
proceed, because it boosts the energy of the photoinduced
excitons, which directly enhances the recombination rate of
e /h" pairs.®” In the same way, additional activation energy is
essential to initiate the photooxidation reactions if the
process temperature is below 20 °C.** As a result, a

6894 | Catal Sci. Technol., 2025, 15, 6884-6898

temperature range from 20 to 80 °C is appropriate for the
most effective photocatalysis.*> The ATG performance in
terms of degrading PS MPs with temperature change is
illustrated in Fig. 10(d). The mass loss percentage was
continuously increased from 25 to 45 °C. Further, the
degradation rate was sharper from 25 to 30 °C; a slight
improvement in the percentage mass loss was observed up to
45 °C. Beyond 30 °C, the rate of degradation of MPs is
insignificant when compared with the additional external
energy supplied to maintain the photodegradation system at
a specific temperature. Consequently, ambient atmospheric
temperature is better for operating photocatalytic
degradation, which is economically feasible for typical water
treatment plants.

Apart from turbidity analysis, the effect of parameter
variation on the photocatalytic degradation process of PS
MPs is evaluated and validated through TOC analysis. Fig. S3
demonstrates the fractional mineralization of PS MPs
through chain scissions during the photocatalytic
degradation, performed at various reaction environments.
Comparatively, TOC was reduced to an optimum lower value

This journal is © The Royal Society of Chemistry 2025
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in the case of 0.03% w/v PS MP concentration, 0.25 ¢ L™ ATG
loading, initial pH of 6.2, and ambient reaction temperature,
which is in accordance with the turbidity analysis. Therefore,
the combination of the above-mentioned values of different
process variables yields the optimal degradation percentage
of PS MPs, which is 65.63.

3.3.6 'H-NMR analysis. The 'H-NMR spectrum of the
photodegraded PS MP suspension under the optimized
values of various parameters (i.e., irradiation time, initial PS
MP concentration, ATG loading, initial pH, and reaction
temperature) was utilized to validate the final concentration
obtained through turbidity analysis. The unknown
concentration of the degraded PS MP suspension under
optimized conditions was estimated using the NMR
calibration curve presented in our earlier article.”® Briefly, a
set of known concentrations ie., 2, 4, 6, 8, and 10 mg of MPs
in 20 mL of deionized water suspensions (0.01, 0.02, 0.03,
0.04, and 0.05% w/v) were prepared and 2 mL of each
suspension was individually dissolved in 1 mL of CDCl;
containing 0.03% v/v of TMS (internal standard reference
with the chemical shift at 0.00 ppm). Next, the "H-NMR
spectra of the above-prepared sample were acquired and
analyzed using MestReNova 15.1 software. Later, an NMR

S . . . I
calibration curve was plotted using an integral ratio ( )
std

where I and Iy4 are the integrals of PS MPs and TMS
obtained from the '"H-NMR spectra) against each known
concentration of PS MPs. Similarly, the "H-NMR spectrum of
the photodegraded PS MP suspension was obtained and
analyzed using MestReNova 15.1 software. After keen
observation, the signals were assigned to corresponding
chemical shifts.®*%” Fig. 11 demonstrates the "H-NMR

View Article Online
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spectrum of the photodegraded PS MP suspension along with
the PS chemical structure. Under the optimized conditions,
the degraded PS MP suspension concentration was
determined as 0.01027%, yielding a degradation percentage
of 65.76%. This value is in accordance with the percentage
mass loss achieved from the turbidity analysis (65.63%).

Generally, the type of photocatalyst & its loading, the size
& initial concentration of MPs, and the nature of light &
exposure time influence the percentage degradation of MPs.
Table 3 illustrates the comparative studies of ATG with other
photocatalysts reported for the degradation of PS MPs
suspended in water. It also discloses the influence of various
parameters on degradation of PS MPs using different
photocatalysts. Comparatively, ATG exhibited Dbetter
performance ie., 65.63% degradation efficiency within 96 h
of exposure to visible light. The synergistic effect of Ag"
doping and the heterojunctions of FLG have boosted the
performance of the ATG nanocomposite.

4. Conclusions

A novel photocatalyst, ATG, was synthesized using a
simple and  cost-effective  sol-gel technique and
characterized to analyze the morphological and structural
properties. The combination of Ag’ doping and FLG
heterojunctions incorporated into pristine  TiO,
substantially decreased its bandgap. Thus, it facilitates
inexpensive visible light to induce e/h" pairs in ATG.
Further, these excitons generate highly active radicals to
degrade the PS MPs suspended in water. The effect of
various process variables, i.e., irradiation time, PS MP
concentration, ATG loading, initial pH, and reaction
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Fig. 11 'H-NMR spectrum of the degraded PS MP suspension under optimized conditions.
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Table 3 Comparative studies for the degradation of PS MPs using various photocatalysts

Initial PS MP Size of % degradation and
Photocatalyst Light source concentration PS MPs irradiation time Ref.
Cs;Bi, 300 W Xe lamp 1 mg L 150 pum 42.3 + 3.89% after 50 h 90
Bro/BiOCI
Sn0O,/g-C;N,/PVDF-HFP 1 sun; solar simulator 0.1g L? 100 nm 10.1% after 15 h 91
(100 mW em™?)
C-N-TiO, 50 W LED lamp (400-800 nm) 0.1 g L™ 1.04 um 9% after 5 h 92
20g ™! 278.6 nm  12.45% after 5 h
o-Fe,03/g-C3Ny 35 W Xe lamp 10gL™" 150 pm 7.81% after 720 h 93
Flake-like BiOI-Fe;04 micro swimmer 50 W LED lamp (400-800 nm) 50 mg L™ 1.1 um 64% after 120 h 78
Anodized Cu,O/CuO 50 W LED lamp (400-800 nm) 9gL™" 350 nm 23% after 50 h 74
Anodized TiO, UV light (100-400 nm) 9gL™" 314.8nm  23.5% after 50 h 75
TiO,-P25/B-SiC foams UV-A light (320-400 nm) 03gL™" 140 nm 29.2% after 7 h 76
508 nm 16% after 7 h
Triton X-100 based TiO, UV light (254 nm) 1 mL of 5 pum 44.66% after 12 h 94
PS solution L™
Ag-TiO,/FLG nanocomposite 50 W LED lamp (400-800 nm) 0.3 g L" 1.94 um  65.63% in 96 h Present work

temperature, on the photocatalytic degradation process
was investigated thoroughly. The photocatalytic
degradation  was  confirmed by examining the
photodegraded PS MPs using a nephelometer, FESEM,
XPS, GC-MS, FTIR, TOC analyzer, and H-NMR
spectrometer. The results have confirmed that ATG
eliminated PS MPs by 63.28% in 120 h of visible light
irradiation. Due to the sluggish kinetics of the
photocatalytic degradation after 96 h, the process is
diminished and optimized to an irradiation time of 96 h.
Likewise, the MP concentration is reduced to 0.03% w/v,
where the specific ATG loading has shown maximum
degradation  percentage. Similarly, ATG loading is
maintained at 0.25 g L' because the increased loading
progresses with an insignificant reduction in mass loss.
Finally, pH 6.2 and ambient temperature boosted the
degradation of PS MPs to 65.63% in 96 h. Therefore, Ag"
doping into the TiO, lattice and the heterojunction with
FLG promotes the usage of visible light to produce e /h"
pairs, which further generate active radicals to degrade
aqueous phase distributed PS MPs. These results conclude
that the synthesized photocatalyst, ATG, can degrade PS
MPs using visible light irradiation and establish adequate
applications in the photocatalytic degradation of other
harmful pollutants from aqueous media.
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