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Metal-free photocatalytic transformation of waste
polystyrene into valuable chemicals: advancing
sustainability through circular economy†

Rajat Ghalta, a Rajaram Bal b and Rajendra Srivastava *a

The present study offers a metal-free photocatalytic visible-light-driven protocol for addressing the

plastic waste crisis. The reaction uses photocatalytic C–H bond activation to deconstruct polystyrene (PS)

waste into valuable products under ambient conditions (1 bar O2, 250 W Hg lamp) in an ethyl acetate/

acetonitrile solvent system. The high surface area metal-free photocatalyst was synthesised using flow-

assisted exfoliation and demonstrated high selectivity for acetophenone and PS conversion in sunlight.

The study presents a promising and sustainable approach to combat plastic pollution by introducing the

concept of visible light photocatalysis for polymer deconstruction. The technology offers a simple, repro-

ducible, eco-friendly method that could significantly contribute to a circular economy to produce wealth

(chemicals) from waste. Detailed characterisations, control experiments, and scavenging studies have

been conducted to propose the mechanism of PS upcycling to acetophenone and benzoic acid. The

photocatalytic C–H activation showcased in this study could motivate material scientists and catalysis

researchers to create uncomplicated, metal-free photocatalysts that can activate other bonds with high

dissociation energy, leading to the formation of crucial synthetic intermediates of industrial significance.

This technology represents a crucial step towards more efficient and sustainable methods for combatting

plastic pollution, highlighting the potential of green chemistry for creating sustainable solutions to

environmental challenges.

Introduction

The rampant explosion of plastic pollution has necessitated
the implementation of cutting-edge technological solutions
aimed at transforming the waste stream of used plastics into
useful and valuable chemicals.1,2 One of the most abundant
plastic materials, polystyrene (PS), has widespread use in con-
temporary society.3,4 Yet, despite the advancements in its man-
ufacturing processes, the recycling rate remains low at less
than 1%.5 It has led to a buildup of PS-based waste products
in landfills, such as expanded foams, constituting a major eco-
logical threat that demands immediate attention.6,7 Attempts
to solve this problem through pyrolysis and chemical &
microbial degradation processes have been promising.8,9

However, they still face several challenges, including compat-
ibility with different forms of PS, such as solid PS and co-
polymers, and the selectivity of recycled products.10 High
production costs and low energy efficiency also limit these
processes.11

Photocatalysis is a scientifically advanced method combin-
ing light and a catalyst to convert plastic materials to chemi-
cals/fuel.12,13 The technology has diverged into two main
mechanisms; degradation and functionalization of plastic.11,14

Degradation implies the fragmentation of the polymer chains
of plastics into minor and less harmful constituents.15 It is
achieved by illuminating the plastic with a photocatalyst, creat-
ing reactive species such as free radicals.16 These reactive
species interact with the plastic and induce its degradation.17

On the other hand, functionalization comprehends the altera-
tion of the chemical structure of plastics to provide new or
enhanced properties.18 It is accomplished by exposing the
plastic material to light energy in conjunction with a photo-
catalyst, leading to the generation of reactive species that inter-
act with the chemical bonds of the plastic, thereby modifying
its chemical composition that could result in increased
degradability of the plastic.19 The effectiveness of plastic upcy-
cling also relies on the employed solvent system. The previous
attempts at photocatalytic PS reforming used a solvent system
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(benzene/acetonitrile (1 : 1)) containing the carcinogenic
solvent benzene.20 However, to promote environmentally
friendly practices, it is recommended to eliminate benzene
and, instead, incorporate less toxic organic solvents that can
dissolve PS, such as ethyl acetate/acetonitrile.

The implementation of visible light photocatalysts, specifi-
cally g-C3N4, in the conversion of plastic materials has
attracted interest due to its utilization of a vast portion of the
solar spectrum, with an approximately 45% of visible light.
g-C3N4, a two-dimensional material composed of nitrogen and
carbon atoms, represents a promising alternative to traditional
photocatalysts such as titanium dioxide (TiO2) due to its
numerous advantages.21–23 One of the most significant advan-
tages of g-C3N4 is its high light absorption in the visible
spectrum, which reduces the energy demands for the photo-
catalytic process and promotes eco-friendliness.24,25

Furthermore, g-C3N4’s high electron mobility facilitates the
effective transfer of electrons to reactive species, resulting in
an increase in reaction rates compared to traditional
photocatalysts.26,27 The layered structure of g-C3N4 provides a
surface for chemical reactions, leading to enhanced reaction
kinetics.28–30 Using visible light photocatalysts such as g-C3N4

in converting plastic materials can significantly enhance the
photocatalytic process by reducing energy demands, enhan-
cing reaction rates, and improving reaction kinetics.
Furthermore, doping g-C3N4 with oxygen within its framework
can augment its visible light absorption capabilities.31,32 The
oxygen doping enhances the catalyst’s efficiency by enabling it
to capture a broader range of visible light, thereby increasing
its potential for effective photocatalysis.

Herein, C3N4 is implemented as a strategic solution for
transforming waste PS into valuable chemicals. By harnessing
the power of light, the developed sustainable process converts
PS into high-demand products, such as acetophenone (AP)
and benzoic acid (BA). Such small oxygenated aromatic com-
pounds are crucial in industries ranging from perfumes and
food flavouring to pharmaceuticals and agrochemicals.33–36 In
addition to reducing plastic pollution, transforming PS into
valuable chemicals via photocatalysis offers a cost-effective
alternative to traditional production methods.37 The utilization
of sunlight as the energy source further amplifies the econ-
omic viability of this protocol. By adopting this technology, the
potential to revolutionize the handling of plastic waste can be
increased. By upcycling PS into valuable chemicals and
materials, not only the environmental impact of plastic could
be diminished, but it also drives innovation in producing valu-
able goods. Implementing photocatalytic processes is a tactical
step toward a sustainable and profitable future.

Experimental details
Catalyst synthesis

The graphitic carbon nitride (g-C3N4) was synthesized using a
method previously reported.38,39 Initially, 15 g of urea powder
was crushed and placed in a capped crucible, which was

heated in a muffle furnace at 550 °C for 3 h with a ramp rate
of 2.5 °C per minute. The obtained material was ground, and
500 mg of g-C3N4 was loaded into a boat-shaped crucible situ-
ated in a 90-meter-long quartz tube with an outer diameter of
53 mm (as illustrated in Fig. 1b). One end of the tube was
sealed with high-temperature glass wool, while the other end
was left open. The sample was placed at the centre of the tube,
an argon flow of 20 mL min−1 was maintained, and the temp-
erature was kept at 600 °C for 3 h (Fig. 1a).

To create a temperature gradient in the tube, one side was
cooled using water circulation (Fig. 1d), causing the material
to condense over the colder side of the quartz tube (Fig. 1c).
The condensed material was then treated with ethanol and dis-
tilled water to eliminate impurities, and dried overnight in a
vacuum oven. This material was labelled as flow-assisted exfo-
liated g-C3N4 (F-g-C3N4). To synthesise high-surface-area
g-C3N4, other exfoliation techniques such as chemical exfolia-
tion (C-g-C3N4), thermal exfoliation (T-g-C3N4), and sonication-
assisted exfoliation (S-g-C3N4) were also employed for compari-
son. The details of the synthesis and exfoliation process can be
found in the ESI.† From the 500 mg of bulk g-C3N4, 180 mg of
F-g-C3N4, 410 mg of C-g-C3N4, 230 mg of T-g-C3N4, and 480 mg
of S-g-C3N4 were obtained.

Catalytic reaction

A glass beaker was taken to dissolve 100 mg of used PS in 4 ml
of a binary organic solvent system comprising ethyl acetate
and acetonitrile (Fig. S1a†). The PS was completely dissolved
in the solvents by stirring (Fig. S1b†). Next, 30 mg of the photo-
catalyst was added to a round-bottom flask, and the PS-solvent
mixture was transferred to the flask. The flask was filled with
an oxygen-rich atmosphere by introducing oxygen via a
balloon. The system was left to reach equilibrium in the dark
for 30 minutes (Fig. S1b†). Then, the system was illuminated
with light for a specific duration (Fig. S1c†). After the reaction
was complete, the catalyst was retrieved from the reaction
mixture via centrifugation, producing a clear and concentrated
reaction mixture (Fig. 1d). The progress of the reaction was
monitored using gas chromatography (GC), while gas chrom-
atography-mass spectrometry (GC-MS) was used to identify the
resulting products (Fig. S2†). The apparent quantum yield
(AQY) values for the reaction were estimated using a previously
established method.38–40 Additional information on the photo-
catalytic reaction, reactor setup, conversion, selectivity, and
AQY calculation can be found in the ESI.† The ESI† also pro-
vides detail on the nitro blue tetrazolium test, terephthalic
acid text, and H2O2 detection protocol.

Results and discussion
Physicochemical characterisation

The X-ray diffraction (XRD) spectra for bulk and exfoliated
g-C3N4 are presented in (Fig. 2a and b). The diffraction for the
(002) plane for pristine g-C3N4 was obtained at 27.41°, indicat-
ing an interlayer stacking structure in the graphitic
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materials.39,41 The (100) diffraction plane at approximately
13.1° provides information on the interplanar structural
arrangement of the catalyst.42 Exfoliation of the layered struc-
ture of the catalyst occurred upon sonication (designated as
S-g-C3N4), chemical exfoliation (designated as C-g-C3N4), and
thermal-assisted exfoliation (designated as T-g-C3N4), leading
to broadening of the (002) diffraction peak and a simul-
taneous decrease in the (100) diffraction peak intensity
(Fig. 2a).43 The extent of exfoliation followed the order T-g-
C3N4 > C-g-C3N4 > S-g-C3N4, with the degree of broadening
decreasing in the same order (Fig. 2a). Moreover, the (002)
peak in C-g-C3N4 shifted to a lower angle value, while in T-g-
C3N4 and S-g-C3N4, it shifted to a higher angle value, indicat-
ing an increase and decrease in the inter-layer spacing,
respectively (Fig. 2b).44 The XRD pattern of F-g-C3N4 is similar
to pristine g-C3N4; the (100) peak almost disappeared, prob-
ably due to the replacement of nitrogen with oxygen, dis-

cussed later in X-ray photoelectron spectroscopy (XPS)
analysis.45,46 The substitution disrupted the ordered stacking
of tri-s-triazine rings, reducing the nanosheets’ planar size
and a less ordered stacking of tri-s-triazine rings. The less pro-
nounced (100) peak in F-g-C3N4 is also attributed to this dis-
ruption.47 The loose stacking between the layers of exfoliated
g-C3N4 sheets is consistent with the slightly negative shift of
the (002) peak observed in F-g-C3N4 in Fig. 2b, indicating a
larger interlayer spacing.48

The thermogram shown in Fig. 2c indicates that pristine
g-C3N4 remains thermally stable up to 500 °C in N2. Therefore,
thermal exfoliation was conducted at 500 °C in a static argon
atmosphere using a tube furnace. The material exhibited
weight loss after reaching 550 °C in TGA analysis and was
entirely degraded at 701 °C (Fig. 2c). To perform flow-assisted
exfoliation of g-C3N4, a tube furnace was employed with argon
flow of 20 mL min−1 at 600 °C. At this temperature, the g-C3N4

Fig. 1 (a) Photographs of the experimental set-up for the synthesis of F-g-C3N4 in a tube furnace, (b) digital photograph of quarts tube with
material (g-C3N4) before inserting in tube furnace (c) digital photograph of quarts tube with material (F-g-C3N4) condensed over the wall of the tube
after treatment, and (d) digital photograph of the setup for the synthesis of F-g-C3N4.
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sheets unfolded and flowed with the Ar gas. The middle part
of the quartz tube was heated while the corners were kept
cold. As the sheets moved towards the colder area of the tube,
they self-assembled into a spherical foam nanostructure
(Fig. 1a), which condensed over the cold wall in the quartz
tube (Fig. 1c). Furthermore, the TGA analysis of all exfoliated
photocatalysts exhibited similar thermal stability as pristine
g-C3N4 (Fig. 2d) and completely decomposed at <710 °C.

Textural properties such as morphology and surface area
(Table S2) and (Fig. S4†) were evaluated using FESEM and N2-
adsorption analysis. The FESEM images of pristine and exfo-
liated g-C3N4 photocatalysts were recorded at various magnifi-
cations (Fig. 3a–f ). Pristine g-C3N4 exhibited an aggregation of
flakes and a nonporous architecture (Fig. 3a).49 The BET ana-
lysis revealed a surface area of 38 m2 g−1 for urea-derived
g-C3N4.

50 On the other hand, sonicated g-C3N4 demonstrated
less aggregation compared to pristine g-C3N4, indicating that
the sonication partially opened the g-C3N4 layers (Fig. 3b).51

The stretching of the layers resulted in an increased surface
area of 61 m2 g−1. Chemically treated g-C3N4 showed a sponge-
like three-dimensional framework with an interconnected
porous structure (Fig. 3c).52 The H2SO4 etching caused the
breaking of hydrogen bonds between the g-C3N4 layers,
leading to the insertion of water molecules, which caused

g-C3N4 to swell and acquire a spongy architecture with a
surface area of 126 m2 g−1.48,52 The SEM images of the ther-
mally exfoliated photocatalyst indicated thinner and more dis-
persed layers of the material (Fig. 3d), which resulted from the
separation of the stacked layers of g-C3N4 sheets caused by
high-temperature treatment.39 This separation raised the
surface area of the material to seven times its original value
(227 m2 g−1). FE-SEM images of F-g-C3N4 show that the self-
assembly of sheets of g-C3N4 into a spherical architecture
occurred after exfoliation (Fig. 3e and f). In flow-assisted exfo-
liation, the nanosheets flowed with Ar from the hot part to the
cold part of the tube. Due to the temperature gradient, the
nanosheets self-assembled into spherical form by self-envelop-
ing to form spheres.46 These spheres condensed into spheres
at the colder part of the tube (Fig. 1c). The thermal treatment
unwrapped the sheets, breaking them into different sizes.
Thus, the size of the flowing sheets was non-uniform, leading
to non-uniformity in the size of spheres, as seen in the SEM
images (Fig. 3l). The small size sheets did not self-envelope
into the spheres but remained as small nanosheets in the
material. Transforming sheets into nanospheres of different
sizes increased the surface area to 177 m2 g−1. Textural pro-
perties determined from N2-sorption isotherms (Fig. S4†) are
summarized in Table S2.†

Fig. 2 (a) Powder XRD patterns of all g-C3N4 based photocatalysts synthesised for this study, (b) magnified powder XRD patterns of all g-C3N4

based photocatalysts synthesised for this study, (c) thermograms of pristine g-C3N4 in N2 gas, and (d) thermograms of all exfoliated photocatalysts in
N2 gas.
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HRTEM analysis was conducted for g-C3N4 and all the exfo-
liated catalyst samples (Fig. 3g–l). The g-C3N4 material dis-
played a sheet-like morphology with a nonporous structure
(Fig. 3g). In contrast, C-g-C3N4 exhibited more segregated
sheets, indicating a higher degree of sheet separation (Fig. 3h).
T-g-C3N4, which underwent thermal exposure, showed compar-
ably less aggregation than g-C3N4, suggesting that the thermal
treatment caused the catalyst layers to open up (Fig. 3i). The
flow-assisted exfoliation process employed in F-g-C3N4 resulted
in the formation of spherical structures through the self-
assembly of the layers, as discussed previously (Fig. 3j–l). The

TEM images demonstrate that the spheres are solid compo-
sition rather than hollow. The porosity is due to interparticle
porosity generated due to aggregation of nanospheres
(Fig. 3k). Additionally, elemental mapping using energy-disper-
sive X-ray spectroscopy (EDX) confirmed that F-g-C3N4 con-
sisted of carbon, nitrogen, and oxygen elements (Fig. 3m–o).

X-ray photoelectron spectroscopy (XPS) was conducted to
determine the chemical composition of g-C3N4 and F-g-C3N4

(Fig. 4). The XPS survey of pristine g-C3N4 and F-g-C3N4

revealed peaks corresponding to the elements N, C, and O
(Fig. 4a). However, the peak intensity for O 1s in F-g-C3N4 was

Fig. 3 FESEM images of (a) g-C3N4, (b) S-g-C3N4, (c) C-g-C3N4, (d) T-g-C3N4, and (e & f) F-g-C3N4, HRTEM images of (g) g-C3N4, (h) C-g-C3N4, (i)
T-g-C3N4, and ( j, k & l) F-g-C3N4, and (m, n & o) elemental mapping of F-g-C3N4.
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higher than pristine g-C3N4 (Fig. 4a, yellow area), indicating a
higher surface concentration of O atoms in F-g-C3N4. The
high-resolution O 1s spectra (Fig. 4b) showed two types of O
atoms in pristine g-C3N4, with corresponding binding energies
of 532.49 eV (O–H) and 533.92 eV (O–N).53 The 532.49 eV peak
in pristine g-C3N4 was due to surface hydroxyl groups, while
the 533.92 eV peak resulted from intermediates generated
during thermal polymerisation. In contrast, a prominent peak
at a lower binding energy (531.1 eV) was observed in the XPS
spectrum of O 1s for F-g-C3N4, attributed to oxygen in the
form of N–C–O and C–O bonding.46,53,54 It confirms the
O-doping in F-g-C3N4, where O atoms are bonded to C atoms
(Fig. 4b).46 The C 1s spectrum of pristine g-C3N4 (Fig. 4c)
showed three types of carbon, with peaks located at 284.92 eV
(sp3 carbon or C–C), 286.55 eV (C–N), and 288.33 eV (N–C–N),
indicating the diverse carbon species.38,39,46,55 On the other
hand, the C 1s spectrum of F-g-C3N4 showed an additional
peak at a higher binding energy of 288.98 eV, indicating the
formation of N–C–O bonds (Fig. 4c). It confirms that O atoms
were incorporated into the s-triazine unit of g-C3N4 by bonding

with C atoms.46 To determine the exact location of oxygen
atoms in the s-triazine matrix, an analysis of the N 1s spectra
of pristine g-C3N4 and F-g-C3N4 was conducted (Fig. 4d). Peaks
for N atoms at 401.19 eV in g-C3N4 and 400.86 eV in F-g-C3N4,
correspond to surface amino groups.38,39,55,56 The deconvo-
luted XPS signal at 400.09 eV and 398.77 eV indicate di-co-
ordinated (C–N–C) and tri-coordinated (N–(C)3) nitrogen in
g-C3N4, respectively.

38,39,46,55,56 The ratio of di-coordinated and
tri-coordinated N atoms slightly decreased in F-g-C3N4.
Additionally, the binding energy of tri-coordinated and di-co-
ordinated N atoms shifted from 400.09 eV (pristine g-C3N4) to
399.8 eV and 398.77 eV (pristine g-C3N4) to 398.52 eV, respect-
ively, due to the introduction of O atoms into the aromatic
system.46 Thus, it is evident that the doped O atoms are expli-
citly bonded to C atoms, replacing di-coordinated N atoms.
The surface elemental analysis determined from XPS shows
that the N/C ratio is lower in F-g-C3N4 than in g-C3N4, confirm-
ing that “O” was doped at “N” sites.46 This observation was
consistent with bulk elemental composition determined from
CHNSO (Table S3†). Moreover, the content of O (determined

Fig. 4 (a) XPS survey of pristine g-C3N4 and F-g-C3N4, (b) high-resolution O 1s XPS spectra of g-C3N4 and F-g-C3N4 (c) high-resolution C 1s XPS
spectra of g-C3N4 and F-g-C3N4, and (d) high-resolution N 1s XPS spectra of g-C3N4 and F-g-C3N4.
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from CHNSO and XPS) is more in F-g-C3N4 than in g-C3N4,
further confirming this result (Table S3†). Notably, F-g-C3N4

exhibited a distinct peak at a binding energy of 400.35 eV in
Fig. 4d, which can be attributed to the presence of cyano term-
inal groups (CuN).46 During high-temperature thermal treat-
ment, some of the C–N bonds undergo cleavage, leading to the
reconstruction of the material and the simultaneous formation
of CuN bonds and O-doping. The presence of CuN was also
confirmed through FTIR analysis, where a distinct peak was
observed at ∼2210 nm in the FTIR spectrum of F-g-C3N4

(Fig. S5†).46 The FTIR characterization also ruled out the
–COOH groups. Furthermore, XPS analysis of other exfoliated
catalysts (T-g-C3N4 and C-g-C3N4) displayed a similar pattern to
pristine g-C3N4, albeit with slight shifts in the peak positions
(Fig. S6†).

Different samples, F-g-C3N4 and T-g-C3N4, were obtained
from the bulk g-C3N4 material by subjecting it to distinct heat
treatment. F-g-C3N4 was produced by heating the bulk g-C3N4

at 600 °C for 3 h in an argon (Ar) flow, while T-g-C3N4 was
obtained by heating it at 500 °C for 3 h under static Ar con-
ditions. The subsequent procedures for both samples were the
same. During the exfoliation process at high temperatures, it
is likely that oxygen released during heating incorporated into
the g-C3N4 framework. Moreover, oxygen impurities in the
99% pure Ar gas may have been incorporated into F-g-C3N4 to
a greater extent at 600 °C compared to the doping in T-g-C3N4

at 500 °C under static Ar conditions. To further investigate this
phenomenon, bulk g-C3N4 was heated at the same temperature
in a vacuum instead of an Ar flow, resulting in V-g-C3N4, which
exhibited a pale white colour and showed weak absorption in
the UV region (Fig. S7a†). The XPS surface survey spectrum of
V-g-C3N4 indicated minimal oxygen presence (Fig. S7b†).
These observations suggest that oxygen doping occurred in
F-g-C3N4 during the exfoliation process in the Ar flow, despite
the presence of air impurities in the Ar gas.

Optical properties analysis

Solid-state ultraviolet-visible spectra were recorded to assess
the light absorption properties of the photocatalysts.57,58 The
results indicate that pristine g-C3N4 exhibited an absorption
covering the visible region (Fig. 5a). The exfoliated g-C3N4

materials, except for F-g-C3N4, displayed a significant blue
shift. F-g-C3N4, in particular, showed a redshift, possibly due
to oxygen doping (discussed in XPS), which resulted in dark
green colour (Fig. S8†).46 The finding indicates that F-g-C3N4

has an increased visible light absorption capacity, making it
more efficient for photocatalytic reactions under visible light
irradiation. The Tauc plots were utilized to determine the
band gap (ESI†). The F-g-C3N4 possessed a narrow band gap
(2.4 eV), while a broad band gap of 2.8 eV originated in C-g-
C3N4 (Fig. S9†). Photocatalysts with narrow band gaps are pri-
marily active in visible light, making F-g-C3N4 preferable
photocatalyst for visible light applications.59

The photoluminescence (PL) spectra were recorded to deter-
mine their effective charge separation (Fig. 5b). PL analysis
was performed with an excitation wavelength of 340 nm.38

Pristine g-C3N4 showed an extensive peak at the visible region
with a peak maximum of 468 nm.60 In contrast, exfoliated cata-
lysts showed narrow spectra with lower peak intensity. S-g-
C3N4 had a narrow emission peak than pristine g-C3N4, indi-
cating better charge retention.61 T-g-C3N4 exhibited compara-
tively lower emissions during PL analysis than g-C3N4 and S-g-
C3N4. Moreover, the emission peak corresponding to C-g-C3N4

showed a slight blue shift with a peak maximum at 457 nm,
attributed to a broad band gap of C-g-C3N4.

62 F-g-C3N4 showed
the broad emission peak with lower intensity, indicating a
comparatively lower electron and hole recombination rate.
Additionally, the peak maximum of the emission peak shifted
towards a higher wavelength, corresponding to a red shift in
the PL spectra due to the narrowing of the band gap. It is
anticipated that introducing oxygen into the g-C3N4 framework
generated sites that trap electrons and facilitated forming of
doping levels within the conduction band of g-C3N4.

63 As a
consequence, the separation of charge carriers caused by light
irradiation and the reduction of the band gap is expected to be
more efficient.46,64

Further investigation was carried out to examine the photo-
luminescence (PL) decay characteristics of both pristine and
exfoliated g-C3N4, utilizing time-correlated single photon
counting (TCSPC) (ESI†). The results demonstrated a specific
trend in the average lifetime, namely T-g-C3N4 > C-g-C3N4 >
S-g-C3N4 > g-C3N4 > F-g-C3N4 (Table S4†). A comparison
between pristine g-C3N4 and F-g-C3N4 revealed a reduction in
both the shorter lifetime (τ1) and longer lifetime (τ2) (from 0.8
to 0.5 ns and 4.0 to 3.0 ns, respectively) (Table S4†).
Consequently, the average lifetime decreased from 3.0 ns
(g-C3N4) to 2.4 ns (F-g-C3N4) (Table S4†). Moreover, the contri-
bution of the shorter lifetime dropped from 31% to 22%,
while that of the longer lifetime rose from 69% to 78%
(Table S4†). The shorter lifetime is linked to the radiative
decay from the excited state to the ground state.46,65 The
reduction in the contribution of the shorter lifetime suggests a
decreased quantity of rapidly recombined charge carriers. The
decrease in the average lifetime and changes in the contri-
butions indicate that there was more nonradiative transfer of
photogenerated charge carriers in F-g-C3N4.

46,66 It could imply
that the nanospheres shortened the transfer distance of
charge carriers.

Photoelectrochemical analysis

Linear sweep voltammetry (LSV) was conducted under dark
and illuminated conditions (Fig. S10a and b†). For the g-C3N4

catalyst, the photocurrent density showed a reasonable
increase with respect to the applied potential in both dark and
illuminated conditions. Notably, under light illumination, the
current density of g-C3N4 was higher, reaching 154 × 10−6 A
cm−2, compared to its dark conditions (current density of 107
× 10−6 A cm−2), indicating its good photochemical activity in
light.67 The flow-assisted exfoliation of g-C3N4 resulted in a sig-
nificant improvement in photocurrent density under both
dark (184 × 10−6 A cm−2) and light (264 × 10−6 A cm−2) con-
ditions, thus demonstrating its superior capacity to generate
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and transfer charge carriers.38 The highest photocurrent
density was observed for F-g-C3N4 over the applied potential,
indicating better ejection of electron and hole pairs with good
photo absorption capability.

Furthermore, the pristine and exfoliated photocatalysts
underwent a comprehensive analysis of their photoresponses
using an on–off photocurrent investigation (Fig. 5d). The
observed behavior indicated a marked increase in current
density when the catalyst was exposed to light, which reverted
to the initial state once the light was turned off. The response
current of all the photocatalysts was scrutinized precisely over
several test rounds to ensure stability in the response current.
The results confirmed that all the catalysts demonstrated con-
sistent response current in every test cycle. Notably, all the

exfoliated photocatalysts displayed a better current response
than pristine g-C3N4. The F-g-C3N4 showed the most impress-
ive photocurrent response, followed by T-g-C3N4, C-g-C3N4, S-g-
C3N4, and g-C3N4. These findings indicate that F-g-C3N4 and
T-g-C3N4 are highly photochemically active.66 The hike in
response current can be attributed to an upsurge in conduc-
tivity, as the conductivity (σ) of a material is directly pro-
portional to the number of charge carriers (N) and their mobi-
lity (μ) (σ = Neμ).68 Therefore, it can be summarized that the
exfoliated F-g-C3N4 and T-g-C3N4 generated more charge
carriers upon light illumination than the other examined
photocatalysts.

Electrochemical impedance spectroscopy (EIS) is a tech-
nique that enables the investigation of the properties of the

Fig. 5 (a) Ultraviolet-visible absorption spectra, (b) photoluminescence spectra, (c) time-resolved decay of photoluminescence, (d) response of
transient photocurrent, (e) impedances of electrochemical nature, (f ) plots of Mott–Schottky analysis for different photocatalysts.
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interface between an electrode and an electrolyte system, with
particular emphasis on the charge transfer characteristics. EIS
of all the material was subsequently analyzed by fitting them
into Nyquist plots shown in Fig. 5e. A semicircle is visible and
directly correlates with the charge transfer rate.69 The diameter
of the semicircle arc reflects the interfacial charge transfer re-
sistance (Rct).

70 All the exfoliated catalysts exhibited lower
semicircle diameters (Rct) than g-C3N4, indicating an efficient
electron and hole separation.71 F-g-C3N4 showed the smallest
Rct value of all the exfoliated catalysts, suggesting its superior
photoactivity.

Band structure analysis

The results of Mott–Schottky (MS) analyses have been
employed to investigate the photocatalysts’ band edges
(ESI†).72–76 Efb values of the three exfoliated catalysts (S-g-C3N4,
T-g-C3N4, and C-g-C3N4) showed a slight upward shift, while
F-g-C3N4 exhibited a small downward shift in the potential
(Fig. 5f). It is attributed to oxygen doping in F-g-C3N4 that
occurred during the exfoliation process. Furthermore, the ECB
values were calculated using Efb values obtained from Mott–
Schottky plots. The ECB was consistent across all the photocata-
lysts, ranging from 1.69 to 1.74 vs. NHE (Table S5†).

The complete band structures of the materials were scruti-
nized through a comprehensive analysis of valence band X-ray
photoelectron spectroscopy (VB-XPS), ultraviolet photoelectron
spectroscopy (UPS), and diffuse reflectance UV-visible spec-
troscopy (Fig. 6).38,39 The VB-XPS analysis of pristine g-C3N4

and F-g-C3N4 revealed that their valence band maxima (VBM)
were located at 1.49 eV and 1.63 eV, respectively, concerning
their Fermi levels (Ef ).

77 The Ef of g-C3N4 and F-C3N4 was
associated with their work function Φ, which refers to the
energy difference between the Ef and vacuum.78 UPS analysis
provided additional insight into the work function Φ values
for g-C3N4 and F-C3N4, estimated to be 4.70 eV and 4.51 eV,
respectively, utilizing the relationship Φ = 21.22 − ESEcut off +
Ecutoff.

79 Furthermore, by integrating the data obtained from
VB-XPS, DRUV-vis, and UPS spectra, the ECB and EVB values of
g-C3N4 were 6.19 eV and 3.44 eV, respectively, in relation to
vacuum. The ECB and EVB values of F-C3N4 were 6.14 eV and
3.55 eV, respectively. The band edge values were expressed in
Evac and were converted to ENHE through the addition of −4.44
± 0.02 eV.80 The band structures of the other exfoliated cata-
lysts were also determined by a similar method (Fig. S11†).
The calculated band structures for all the photocatalysts are
shown in Fig. 6e, and the band edges determined through this
approach were found to align well with the band structure esti-
mated from the MS plots, with a slight shift. In addition, the
work function was determined for all the photocatalysts, and it
was discovered that g-C3N4 had the highest work function
while F-g-C3N4 had the lowest. It implies that photogenerated
electrons can more effortlessly move to the surface of the
photocatalyst, where they can participate in the photocatalytic
reaction, in the case of F-g-C3N4.

37 Thus, F-g-C3N4 could be the
most active photocatalyst among all the analyzed photocata-
lysts due to its lower work function.

Photocatalytic activity

The photocatalytic oxidation of waste PS was meticulously con-
ducted utilizing the pristine g-C3N4 in an oxygen-rich environ-
ment of 1 bar for 8 h. The initial step towards optimal reaction
involved the optimization of the catalyst amount. Ultimately,
the finest activity was recorded using 30 mg of photocatalyst,
leading to a 27.6% conversion (Fig. 7a) with 90.8% selectivity
of AP and 9.2% of BA. Hereafter, the photocatalyst quantity
was set at 30 mg for subsequent reactions. To fine-tune the
light source, photocatalytic oxidation was carried out utilizing
different light sources. Results from the experiment show that
the catalyst was most active in a 250 W Hg lamp (Fig. 7b).
Moreover, when exposed to sunlight, the conversion was even
more pronounced, with a PS conversion rate of 38.6% recorded
in 8 h (4 h + 4 h, in two consecutive days) with 86.7% selecti-
vity of AP and 13.3% of BA. Conversely, employing a household
20 W LED resulted in a little PS conversion of 3.4%. In con-
clusion, based on the experiment results, the 250 W Hg lamp
and sunlight were the most effective light sources for this reac-
tion, with the former being utilized for further optimization.

The oxygen atmosphere was chosen for the reaction due to
its capacity to abstract electrons from the photocatalyst, creat-
ing superoxide and catalyzing the PS oxidation.81 The mecha-
nism of this process will be discussed later. To further deter-
mine the effect of the atmosphere on the reaction, the experi-
ments were conducted in distinct atmospheres, including air
and an inert argon atmosphere. Subsequently, PS oxidation
was initiated within the Ar gas-filled reaction vessel. However,
the PS conversion rate in the Ar atmosphere dropped to 0.5%,
indicating the considerable contribution of O2 in the reaction
(Fig. 7c). In contrast, when the reaction was performed in the
air atmosphere, the photocatalyst’s activity was lower than that
in the O2 atmosphere, proving the pivotal part of O2 in the PS
oxidation (Fig. 7c).

The efficacy of g-C3N4 in PS oxidation was deficient.
However, increasing the catalyst’s surface area presents a prob-
able strategy to improve its activity. The initial methodology
employed towards this objective was the hard template tech-
nique, wherein mesoporous g-C3N4 was synthesized employing
SBA-15 as a template.82 Despite this, the outcome yielded a
marginal increment in photocatalytic activity during PS oxi-
dation with meso-g-C3N4 (Fig. 7d), affording 40.2% PS conver-
sion. Consequently, exfoliation was endorsed to raise the
surface area of the g-C3N4.

39

This study employed various techniques to exfoliate the
catalyst (as discussed in the experimental section). S-g-C3N4

showed only a marginal increase in PS conversion. However,
with the same reaction conditions, 35.6% of PS was consumed
in the photocatalytic PS reforming, with 89.2% selectivity of AP
and 10.8% of BA. This outcome motivated us to investigate
other exfoliation methods to enhance the catalyst’s activity for
the reaction. C-g-C3N4 demonstrated better activity, yielding a
42.1% PS conversion with 86.6% selectivity of AP and 13.4% of
BA. T-g-C3N4 exhibited a PS conversion of 54.6%, surpassing
all other catalysts. F-g-C3N4 displayed the highest activity, with
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a 68.8% PS conversion, 82.1% selectivity of AP, and 17.9% for
BA with an AQY value of 59 × 10−2 (Table S6†). Consequently,
the reaction in sunlight using this catalyst showed an 81% PS
conversion, with 77.5% selectivity of AP and 22.5% of BA. The
AQY value over all the catalysts is included in Fig. 7d and
Table S6.†

The photocatalytic PS reforming has been attempted using
a solvent system (benzene/acetonitrile (1 : 1)), which includes
the carcinogenic solvent benzene. To make the process envir-
onmentally friendly, it was necessary to avoid using benzene.
Therefore, various solvent systems were tested, all of which
were capable of dissolving PS. Among these solvent systems,
the ethyl acetate/acetonitrile (EA/ACN) system was found to be
the most effective (Table 1). Consequently, all possible vari-
ations of the EA/ACN solvent system were tested. The most
promising result was obtained with the (1 : 0.142) EA/ACN

ratio, which yielded a PS conversion of 63.2%, with 86.2%
selectivity for AP and 13.8% for BA. Although the conversion
was 5% lower than that obtained with the benzene-containing
solvent system, avoiding benzene and opting for a greener
solvent is preferable. It makes the process more efficient in
terms of sustainability. The broad applicability of the photo-
catalytic oxidation process is demonstrated for the oxidation of
various organic molecules under similar reaction conditions. A
comparison table containing the results of these experiments
is included in the ESI section of the manuscript (Table S7†).

Gel Permeation Chromatography (GPC) was performed on
both polystyrene (PS) and the remaining polymer after the
reaction (Table 1, entry 11). The number average molecular
weight (Mn) of PS was 72 096 g mol−1, while the Mn of the
remaining polymer was 21 913 g mol−1. These results indicate
that the polymer underwent successful degradation to a large

Fig. 6 (a) VB-XPS spectrum of g-C3N4, (b) UPS spectrum of g-C3N4, (c) VB-XPS spectrum of F-g-C3N4 (d) UPS spectrum of F-g-C3N4, and (e) band
structures of photocatalysts of this study.
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extent. FTIR analysis was conducted to determine the identity
of the remaining polymer. The FT-IR spectra of polyethylene
(PE), the remaining polymer, and PS were compared
(Fig. S12†). Upon comparison, it was observed that the FT-IR
spectra of the remaining polymer did not match with PE.
Instead, it exhibited a resemblance to PS, although with
reduced band intensities. The finding suggests that the
remaining polymer was unreacted or un-degraded PS. The
reduced Mn confirmed by GPC supports this conclusion.

While previous studies have explored the photocatalytic
degradation of polystyrene derived from used plastics, to the

best of our knowledge, there is a lack of specific reports focus-
ing on the application of heterogeneous photocatalysts for the
room temperature upcycling of plastic-based polystyrene.
However, to provide a broader context for this research,
comparative data (Table S8†) has been included in the
ESI†.20,26,83–87

The investigation of the kinetics of the PS conversion reac-
tion was conducted to acquire a deeper understanding of the
photocatalytic process. The application of first-order kinetics
led to a linear graph of PS conversion plotted against time
(Fig. 8a), providing the means to determine the rate constant

Fig. 7 Photocatalytic PS oxidation with variation in (a) catalyst amount, (b) light source, (c) reaction atmosphere, and (d) photocatalyst. (Reaction
conditions: photocatalyst (30 mg), light source (250 W Hg lamp), PS (104 mg), solvent (benzene : acetonitrile (1 : 1) (4 ml)), and O2 1 bar.)
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(k), which was calculated to be 4.26 × 10−5 s−1. Since the PS
oxidation is photocatalytic, kinetics relies on light source
intensity. Accordingly, the reaction was carried out under
varying light intensities (Fig. S13b†), and plots of ln[PS conc]
versus time were produced. Analysis of the resulting kinetic
plots (Fig. 8a) showed a decline in k from 4.26 × 10−5 to 0.84 ×
10−5 s−1 as the light source power was reduced from 1011 to
209 W m−2 by adjusting the distance of the reaction vessel
from the 250 W Hg lamp (Fig. S13b†). A linear plot for light
intensity vs. k (R2 = 0.98) was obtained (Fig. 8b), indicating the
light intensity-dependent nature of the reaction kinetics. The
reaction was performed at various temperatures to estimate
the apparent activation energy (Ea) (Fig. S13c†).

88 Although the
reaction occurred at ambient temperature, the temperature
range was extended from 298–318 K to calculate Ea. An
elevation in temperature brought about a rise in the reaction
rate and k value (Fig. 8c). The Arrhenius equation was
employed to determine the Ea value, which was ascertained to
be 31.09 kJ mol−1 (Fig. 8d). Photogenerated electrons and
holes are the main driving forces of the reaction. The rate is
affected by the number of charge carriers generated.
Nonetheless, the oxidation rate increased as temperature rose
under a constant light intensity. Notably, without light, the
reaction did not occur in the temperature range of 298–318 K
or even at higher temperatures (333 K); the catalyst remained
inactive without light.

Experiments were conducted to investigate the photo-
catalytic oxidation of PS using the exfoliated F-g-C3N4 catalyst
in different atmospheres. The results revealed that the pres-
ence of O2 was crucial for the reaction (Fig. S14a†). In Ar
atmospheres, the reaction activity was minimal, with only

1.3% PS conversion, due to the low quantity of dissolved
oxygen (Fig. S14a†). Conversely, the catalyst was more effective
in the air, achieving 34.4% conversion with AP as the primary
product. To comprehend the reaction mechanism, multiple
control experiments were performed. The most active photo-
catalyst (F-g-C3N4) was used in the photocatalytic reaction with
TEMPO as a radical scavenger, which led to a significant
reduction in catalytic activity (Fig. S14b†). It suggests that
various species (electrons, holes, superoxide, and hydroxide
radicals) were responsible for the light-assisted reforming of
PS. The formation of such species over g-C3N4 has been well
documented in the literature.

An electron scavenging experiment was performed to
examine the importance of photogenerated electrons in light-
assisted PS oxidation. CCl4 and formic acid were used as sca-
vengers, and the photocatalytic activity declined to 39.3% with
CCl4 and 40.9% with formic acid (Fig. S14c†). In both cases,
AP emerged as the major product, with selectivity values of
90.2% and 91.1% in CCl4 and formic acid, respectively. The
photogenerated electrons have the potential to convert mole-
cular oxygen into superoxide radicals, which was verified using
the NBT test.89 Photogenerated superoxide radicals decreased
NBT concentration, as NBT experienced superoxide-assisted
reduction to form diformazan, a blue-colored insoluble pre-
cipitate (Fig. S15a†).90 All the catalysts, i.e., g-C3N4 and exfo-
liated C-g-C3N4, T-g-C3N4, F-g-C3N4, could generate superoxide
from oxygen. The F-g-C3N4 catalyst was the most effective at
generating superoxide radicals, as evidenced by the significant
absorption quenching. Furthermore, to validation of super-
oxide as an intermediate, superoxide trapping was performed
using hydroquinone (HQ) and benzoquinone (BQ). The reac-

Table 1 Solvent variation for the photocatalytic PS reforming

Entry Solvent PS conversion AP selectivity BA selectivity AQY

1 Benzene ∼4 97.2 2.8 3 × 10−2

2 Acetonitrile ∼0 — — —
3 Ethyl acetate 22.5 93.2 6.8 19 × 10−2

4 Acetone ∼0 — — —
5 Benzene : acetonitrile (1 : 1) 68.8 82.1 17.9 59 × 10−2

6 Acetone : ethyl acetate (1 : 1) ∼5 96.1 3.9 4 × 10−2

7 Acetone : acetonitrile (1 : 1) ∼0 — — —
8 Ethyl acetate : acetonitrile (1 : 3) 6.8 95.2 4.8 6 × 10−2

9 Ethyl acetate : acetonitrile (1 : 1) 12.5 94.1 6.9 11 × 10−2

10 Ethyl acetate : acetonitrile (1 : 0.33) 42.5 92.2 7.8 37 × 10−2

11 Ethyl acetate : acetonitrile (1 : 0.142) 63.2 86.2 13.8 54 × 10−2

12 Ethyl acetate : acetonitrile (1 : 066) 35.5 90.1 9.9 30 × 10−2

11a Ethyl acetate : acetonitrile (1 : 0.142) 72.8 81.6 18.4 57 × 10−2

Reaction conditions: photocatalyst (30 mg), light source (250 W Hg lamp), PS (104 mg), solvent (4 mL)), time (8 h), and O2 (2 bar). a Reaction in
sunlight.
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tion conversion reduced to 59.8% in HQ and 55.3% in BQ; in
both cases, AP was the major product (Fig. S14d†).

Light irradiation on photocatalysts generates electrons and
holes, with the holes capable of participating in the reaction.
To examine the role of holes, hole scavengers such as tri-
ethanolamine (TEA) and ethylenediaminetetraacetic acid
(EDTA) were employed. The PS conversion was 23.9% in TEA
and 27.1% in EDTA, exhibiting high AP selectivity (94.4% and
93.6%, respectively) (Fig. S14e†). The noteworthy decline in
activity due to hole scavengers strongly suggests the pivotal
role played by holes in the reaction. Additionally, the for-
mation of OH radicals during photocatalytic oxidation was
probed using fluorescence quenching experiments with ter-
ephthalic acid (THA) on g-C3N4 and exfoliated catalysts C-g-
C3N4, T-g-C3N4, and F-g-C3N4 (Fig. S15b†).91 The OH radicals
were detected in all cases, with F-g-C3N4 showing higher
activity and producing more OH radicals. To further investigate
the role of OH radicals, scavenging experiments were con-
ducted using tert-butyl alcohol (TBA) and methanol (MeOH) as
OH radical trappers. The PS conversion reduced to 34.9% in
TBA and 33.1% in MeOH (Fig. S14f†), indicating that OH
radical quenching effectively reduced the photocatalytic

activity. Notably, the EVB of the photocatalyst catalysts is incap-
able of directly generating OH radicals ([Eθ (OH−/•OH) =
2.40 eV] vs. NHE, pH 7),92 and thus, the catalysts cause it
indirectly by degrading the in situ generated H2O2. The for-
mation of H2O2 was verified through the iodometric test
(Fig. S15c†), which is engendered from superoxide ions (dis-
cussed later).38,39

Drawing upon the catalytic activity test, control experi-
ments, scavenging experiments, and physicochemical charac-
terization, a mechanism for the photocatalytic oxidation is pro-
posed (Fig. 9). Initially, PS was adsorbed onto the catalyst
surface, followed by light-induced charge separation, resulting
in the creation of electron–hole pairs.93 The electrons migrated
to the conduction band (CB), while the holes migrated to the
valence band (VB).94 The electron (e−) was utilized in the for-
mation of superoxide through oxygen molecule (O2 + e− →
•O2

−), generating superoxide radical anion (O2
•−), which was

validated through the NBT test.86 Moreover, the photogene-
rated hole (h+) attacks the –C–H bond of the PS molecule, with-
drawing an electron (e−) from it, and activating the C–H bond,
resulting in the creation of PS radical and a proton (H+) (PS +
h+ → •PS + H+).87 The proton (H+) reacted with the superoxide

Fig. 8 (a) Graphs illustrating the kinetics of a reaction at different light intensities, (b) k is plotted against light intensity at RT, showing their interde-
pendence, (c) graphs depicting the kinetics of a reaction at different temperatures (298 K, 308 K, and 318 K), and (d) a plot of the ln k vs. (1/T ) to cal-
culate Ea value.
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radical anion (O2
•−) to generate the (HOO•) radical (H+ + O2

•−

→ HOO•).95 Two (HOO•) radicals combined to produce H2O2

(2HOO• → H2O2) as an intermediate.39 The formation of H2O2

was verified through the iodometric test.38,39 In the presence
of light, H2O2 decomposed into (OH•) radical (H2O2 → OH• +
OH−), verified by control experiments and the THA test.95,96

The radical (OH•) reacted with the PS radical, forming an inter-
mediate (•PS + OH• → PS–OH), which obtained a hole from the
VB of the photocatalyst, activating the –OH bond of the inter-
mediate (PS–OH + h+ → PS–O• + H+). The interaction produced
the HOO• radical from the superoxide and proton. The homo-
lytic cleavage of the C–C bond with H• radical interaction
occurred, generating AP, which was subsequently oxidized to
BA as a minor product. The time variation study indicated
that BA was initially undetectable and formed through the
oxidation of AP (Fig. S16†). It was substantiated by a control
reaction with AP, which demonstrated that 10% of AP was

transformed into BA after 4 h of reaction time (reaction con-
ditions – AP 0.1 m mol, O2 1 bar, 250 W Hg lamp, and solvent
4 ml).

To ensure the stability of F-g-C3N4, a study on catalyst
recyclability was conducted. The results indicated that the
catalyst maintained its photocatalytic activity without signifi-
cant degradation for five consecutive cycles (Fig. S17a†). SEM
and XRD analysis also showed that the catalyst structure
remained unchanged after five cycles (Fig. S17b and c†).
Analysis of the DRUV-vis spectra suggested that the spent cata-
lyst had optical properties similar to those of the fresh catalyst
(Fig. S17d†). The on–off photocurrent study showed that the
recycled photocatalyst responded similarly to the fresh catalyst,
exhibiting stable transient photocurrent in each cycle
(Fig. S17e†). These results demonstrate that the catalyst was
stable and recyclable, and it exhibited exceptional performance
and selectivity for PS oxidation under mild conditions.

Fig. 9 A plausible mechanism for converting PS into useful chemicals using photocatalysis as a mediator.
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Conclusions

In summary, this study has successfully demonstrated the
efficacious use of photocatalytic techniques in reforming PS
into AP and BA. The process involved the oxidation of the C–H,
thereby generating functional organic raw materials from
plastic waste. The study revealed the capacity of the process to
deconstruct addition polymers, consequently generating a
valuable product. The synthesis of a flow-mediated exfoliated
catalyst, F-g-C3N4, was achieved using a tube furnace, and the
catalyst manifested impressive properties such as efficient
charge separation and photostability and higher transient
photocurrent response. The BET analysis indicated a marked
augmentation in the surface area after a flow-mediated exfolia-
tion, while the doping of oxygen during the process caused a
red shift in the UV-visible spectra, which narrowed the band
gap of the material. The F-g-C3N4 catalyst proved the most
efficient for photocatalytic PS, achieving a conversion rate of
∼63% and ∼86% AP selectivity within 8 h, utilizing a high-
pressure Hg lamp. Similarly, under sunlight, the F-g-C3N4 cata-
lyst achieved a PS conversion rate of ∼73% and ∼81% benz-
aldehyde selectivity within 8 h. Furthermore, a solvent study
was conducted to eliminate the cumbersome handling of
benzene from the protocol, with a sustainable solvent system
comprising ethyl acetate : acetonitrile. The reaction rate
depended on the light intensity, and the activation energy was
calculated to be 31 kJ mol−1. Overall, the study presents a com-
pelling prospect for the plastic recycling industry to convert
plastic waste into valuable chemicals while tackling the severe
environmental challenge of plastic pollution. The technique’s
mild conditions, low-cost catalyst, and efficiency make it a
powerful strategy for upcycling plastic waste into valuable
chemicals.
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