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Abstract: A novel photodegradable ZnO/TiO./g-C3sN4 (zinc oxide/titanium dioxide/graphitic carbon
nitride) nanoparticle (NP) was synthesized using the sol-gel method and sunlight-mediated degradation
of polyvinyl chloride (PVC) microplastic (MP) films. The optical and structural properties of the sol-
gel method were investigated using a variety of characterization methods, like Fourier transform
infrared (FT-IR), UV-vis diffuse reflectance spectroscopy (UV-vis DRS), X-ray diffractometer (XRD)
analysis, X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron microscopy
(HR-TEM), scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis, and
thermogravimetric analysis (TGA). Degradation study results suggest that the photocatalytic activity of
ZnO/TiO,/g-CsN4/PVC nanocomposites (NCs) films was greater than that of pure PVC films,
ZnO/PVC NCs films, TiO2/PVC NCs films, g-CsN4/PVC NCs films, ZnO/g-CsN4/PVC NCs films,
TiO2/g-CsN4/PVC NCs films, and ZnO/TiO./PVC NCs films. Because of their increased optical
absorption and efficient suppression of photo-produced charge carriers’ recombination, the
ZnO/Ti02/g-CsN4/PVC NCs films showed higher photocatalytic degradation than various PVC films.
Thus, PVC films with ZnO/TiO2/g-CsN4 (5:5:2% wt) composite showed degradation of around 40%
among pure PVC films, ZnO/PVC NCs films, TiO2/PVC NCs films, g-CsN4/PVC NCs films, ZnO/g-
C3sN4/PVC NCs films, TiO2/g-CsN4/PVC NCs films, and ZnO/TiO2/PVC NCs films under visible
sunlight over a short period of 30 days (240 h). The formation of carbonyl groups (-C=0) in the
degradation product of PVC was confirmed by FT-IR analysis. When compared to the original PVC
MPs, the ZnO/TiO./g-CsN4/PVC NCs films showed a significant decrease in crystallinity and carbonyl
indexes, as much as 2.84% lower. The present research also suggests a photocatalytic mechanism,
which may explain the increased photocatalytic activity.
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1. Introduction

PVC is a material that is widely used in both industry and daily life. Examples of its
uses include building materials, packaging, and automobile components [1-3]. However,
because of its non-biodegradability and chemical inertness, it is hard to degrade in garbage and
in natural environments. One of the main causes of "white pollution” in the environment is
PVC plastic [4]. Nowadays, the primary methods used to dispose of waste plastics include
cracking catalysis, incineration, landfilling, and recycling [5]. Since degradable PVC-based
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plastics are almost completely non-recyclable and conventional treatment techniques cannot
adequately address environmental pollution issues and may even exacerbate secondary
pollution, they hold great promise as a potential solution to the expanding waste PVC plastic
pollution problem. The reported degradation processes of PVC plastic include
photodegradation, biodegradation, and thermo-oxidative degradation [6-8].

Among these, photodegradation might use solar energy, which is plentiful and
sustainable and can lead to good energy consumption and cost-effectiveness. As a result, there
is a great deal of interest in the photodegradation process [9,10]. Plastics can break down into
smaller molecules by breaking their chemical bonds, which can turn into useful products or
completely mineralize into CO2 and H20 [11]. Plastics eventually break down into organic
compounds due to irregular polymer chain breakage, which can happen in any monomer in the
polymer. Certain polymers have a chain fracture at the end of the monomer repeating unit,
which causes the remaining monomers to break sequentially through chain depolymerization
[12]. The products formed and the degradation methods differ depending on the kind of
polymer and the surrounding environmental variables. Based on published research on the
degradation of various plastics by AOPs (photodegradation processes, direct photocatalytic
oxidation processes, and electrochemical oxidation processes), sulfate radical-AOPs have
demonstrated superior catalytic degradation capability for the decomposition of cosmetic
plastics primarily composed of polyethylene [13]. Plastics' high redox potentials could help in
the oxidation process [14]. Furthermore, AOP-induced plastic degradation causes chain
breakage, the production of valuable compounds, and even the entire mineralization of plastics.

Pure TiO2-based photocatalysts lack efficient visible light photoactivity due to their
quick charge carrier recombination rate and very large bandgap (3.2 eV). In the way of
addressing the challenges with pure TiO2, studies have evolved to improve electron-hole
separation and visible light absorption through various methods such as anions or cations
doping, developing NCs with sensitizing, and different metal oxides using plasmonic metals
[15-17]. TiO2 was combined with various metal oxides (e.g., Ag20, BiOs, CeO2, CuO, Fe203,
WOs, Zn0O, and ZrOz2) [18], and improved photocatalytic activity was observed. Specifically,
it has been shown that heterojunction formation between the other low-bandgap metal oxides
and host semiconductors with different band edge positions is an effective way to increase
photoactivity when exposed to visible light [19,20]. Several studies have demonstrated that
local charge separation at the photocatalyst surface can be enhanced by crystal facets, co-
catalyst doping, or local doping. [21,22]. Various bifunctional co-catalysts have also been
proposed to improve charge separation [23]. ZnO and TiO2 have band gaps of about 3.2 eV
each [24]. However, because of its great quantum efficiency, ZnO outperformed TiO:2 in
degrading organic pollutants [25]. Despite this, ZnO has been shown to photo-corrode in acidic
aqueous solutions [26,27]. Because of their band energies, both ZnO and TiO2 have effective
photocatalytic activity when exposed to UV radiation but not when exposed to visible light
[28]. The photocatalytic activities and visible light absorption capabilities of the TiO2/ZnO
composite were found to be higher in comparison to ZnO or TiO2 [29]. The photodegradation
of an organic dye by visible light was demonstrated to be efficient for the TiO2/ZnO composite,
and the reason for this was ascribed to charge transfer at the TiO2/Zn0O interface [30]. A study
revealed the photocatalytic elimination of H2S and xylene from TiO2/ZnO composites.
Recently, a TiO2/ZnO composite calcined at 558°C with 2.1 wt% ZnO [31] showed better
efficiency for the photodecomposition of nitrogen oxides (NOx) under UV light.
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g-CsNa4 photocatalysts have an appropriate band gap (~ 2.7 eV), easy manufacture,
cheap cost, and outstanding physical and chemical stability; they are now receiving a lot of
interest. g-CsN4 as a useful photocatalyst for PVC photodegradation and to create a g-CsNa
photocatalyst with an appropriate structure and photoelectrochemical processes for enhanced
PVC photocatalytic degradation abilities. It was discovered that incorporating g-CsNa into PVC
not only increased its mechanical qualities but also significantly enhanced its photodegradation
under simulated sunlight [32]. Xiao-jing et al. reported that while the P\VC-TiO2 film lost just
1.4% of its weight under identical testing conditions, the weight of the plasma-treated PVC-
TiO2 film with irradiation rapidly fell, showing a 2.0% overall reduction in 60 hours [33].
Anirban Roy et al. [34] reported comparing the performances of NPs synthesized in various
settings. After three hours, the maximum degradation of around 12% was achieved using NPs
that were synthesized from power and temperature at 42 W and 30°C. According to Devika Sil
et al. [35], after 90 minutes of solar radiation, artificial UV radiation could break down the
PVC-ZnO composite into 6.2% of its initial weight, whereas decomposition from sun radiation
was 14.2%.

Inspired by the above consideration, our objective of this study was i) to synthesize
ZnO/TiO2/g-CsNa NPs using the sol-gel synthesis technique; ii) to characterize ZnO/TiO2/g-
CsN4 NPs by different instrumental techniques such as UV-Vis, XRD, HR-TEM-EDAX, SEM-
EDAX, FT-IR, and XPS; iii) to prepare ZnO/TiO2/g-CsN4/PVC NCs film; iv) to assess
degradation products by FT-IR analyses; and v) finally to propose a plausible photodegradation
mechanism of PVC composite film by ZnO/TiO2/g-C3N4 NPs.

2. Materials and Methods

2.1. Reagents.

Zinc acetate (CsHsOsZn x 2H20), titanium dioxide (TiOz2), melamine (g-CsNa4), nitric
acid (HNOs3), sodium hydroxide, dimethylformamide (DMF), double distilled water (DDW),
and PVC MPs particles (radius 2 mm) were bought from Sigma-Aldrich in Tamil Nadu, India,
and the remaining other chemicals were of analytical quality.

2.2.1. Preparation of ZnO/TiO; NPs.

Initially, TiO2 NPs were synthesized using the sol-gel method, followed by ZnO NPs,
which were synthesized and doped with TiO2 NPs, given the designation ZnO-doped TiO2
(ZnO/Ti0O2) NPs. The synthesis of (ZnO/TiO2) NPs was carried out as follows:

2.2.2. Synthesis of TiO2 NPs via the sol-gel method.

The precursor solution was initially prepared by adding 2 g of TiO2 to 20 mL of 100%
ethanol with vigorous magnetic stirring for 30 minutes. Then, under constant stirring, 5 mL of
100% ethanol (C2HsOH), 3 mL of DDW, and 0.5 mL of HNO3 acid were added dropwise to
the solution, bringing the pH to around 2. The achieved translucent yellow sol was aged for 8
hours while being stirred continuously for 5 hours at room temperature to create a white,
homogeneous gel. This gel was dried at 80°C to dry it out and turn it into nanocrystalline TiOz.
The produced TiO2 nanopowders were employed to create NPs after being calcined at 400°C
for two hours in a muffle furnace using finely ground crystals. This synthesis process was done
using a variety of references to give the TiO2 NPs [36-38].
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2.2.3. Synthesis of ZnO-doped TiO, (ZnO/TiO2) NPs.

ZnO/TiO2 NPs were synthesized using the ultrasound-assisted sol-gel technique and
modifying the Prasannalakshmi et al. process [39]. This study's procedure for preparing a
homogenous ZnO solution was as follows: By magnetic stirring, 2 g of zinc acetate was
introduced to 40 mL of DDW and thoroughly dissolved therein. The aforementioned solution
was then dropped into the added 40 mL of prepared 0.5M sodium hydroxide (NaOH) solution
while being stirred magnetically at a higher speed. Following that, 750 mg of TiO2 NPs that
had already been synthesized were added to this ZnO solution while it was sonicated for 30
minutes. To create a gel, the entire liquid was continually agitated for 4 hours. The resultant
gel underwent multiple washings before being dried at 90°C. After being annealed at 550°C
for 4 hours, this ZnO/TiO2 sample with a 1:1 molar ratio was finally given the designation
ZnO/TiOz2. The identical technique was followed exactly, with the exception that the amount
of TiOz used to create ZnO/TiO2 was 1.5 g rather than the desired 1:1 molar ratio. For eventual
usage, these NPs were synthesized many times.

2.2.4. Synthesis of g-CsNa.

A 3 g sample of melamine was heated in a muffle furnace for 4 hours at a temperature
of 50°C per minute to 550°C in the air within a crucible made of alumina with a lid. The
acquired material was processed into a yellow powder in a mortar and was named g-CsN4 [40].

2.2.5. Synthesis of ZnO/TiO2/g-C3N4 NPs.

Using the same process but a different amount of TiO2 (1.5 g), ZnO/TiO2/g-CsN4
preparation was made, resulting in ZnO/Ti02/g-CsN4 NPs with a molar ratio of 5:5:2% wt, as
shown in Figure 1.

2g Zinc NaOH
acetate pH=7
o ZnQ
4 solution
e e | TiO,
P ‘ ““ solution
S = — B
40 mL of ZnO/TiO,
DD water (sol-gel)
1gof PVC ﬂ
melted in — . :
DMF at q 2% Wtof | ;
130°C g-C3N4 iy
automatic Calcined
ZnO/TIOJg-CN/PVC soramer 0/ TIOHECN, o T
n 10,/8-C 31Ny scraper nanoparticles ford h Dried at 80°C

for 2 h

Figure 1. Diagram illustrating the sol-gel method's preparation of ZnO/TiO,/g-C3N4/PVC (NCs) film.
2.2.6. Preparation and photocatalytic degradation of ZnO/TiO,/g-C3N4+/PVC NCs films.

Initiating the ZnO/TiO2/g-C3sN4 NPs and PVC film involved adding approximately 1 g
of PVC film to 80 ml of DMF and aggressively stirring. After PVC is completely melted in the
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DMEF solvent at 130°C, 5% wt of ZnO/Ti02 and 2% wt of g-C3N4 photocatalysts are added and
evenly distributed while stirring and vacuum-drying [41]. The mixture was then ultrasonically
processed for 10 minutes. After being dried for 2 hours at 80°C in a hot air oven and later in a
water bath at 30°C for 48 hours. After equally distributing the mixture on the film-forming
plate of the automatic film scraper, room temperature and atmospheric pressure were used to
create a 150-pum film. The ZnO/Ti02/g-C3N4/PVVC NCs film was developed by removing the
film-forming plate and immersing it in DDW to allow a natural film to form [42].

For a duration of 30 days (240 hours), the degradation of ZnO/TiO2/g-C3N4/PVC NCs
film under solar light was carried out on a petri dish in the open air under atmospheric
conditions every sunny day from 9:00 a.m. to 5:00 p.m. For the same period of time, a different
sample of ZnO/Ti02/g-C3N4/PVC NCs film was kept in the dark.

2.3. Characterization of ZnO/TiO2/g-C3N4/PVC NC films.
2.3.1. UV-visible (UV-Vis) spectroscopic analysis.

ZnO/Ti02/g-C3N4 NPs were first characterized by UV-visible DRS spectroscopy (Jasco
V-670 UV-vis DRS spectrophotometer). A UV-Vis DRS spectrum was obtained between 200
and 800 nm from the Amax.

2.3.2. Fourier transform infrared (FT-IR) analysis.

By utilizing FT-IR tests to determine the intensity of carbonyl groups, the degree of
oxidation was observed. Using the JASCO FT-IR 4100 (Shimadzu IR AFFINITY-1) to capture
the FT-IR spectra of these materials, the presence of functional groups in ZnO/TiO2/g-
CsN4/PVC was determined. Using KBr pellets, it was in the diffuse reflectance mode with a
resolution of 4 cm™,

2.3.3. Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis.

After dropping the aqueous dispersion of the solid NPs onto the Cu grid, they were
dried in a vacuum oven in preparation for SEM-EDAX analysis. Additionally, ZnO/TiO2/g-
C3sN4 NPs' chemical composition was examined using EDAX research (ZEISS EVO-MA 10,
Oberkochen, Germany).

2.3.4. High-resolution transmission electron microscopy (HR-TEM) analysis.

Techni G20Twin, FEI high-resolution transmission electron microscopy (HR-TEM)
was used at 200 kV. A drop of synthesized ZnO/Ti02/g-C3sN4 NPs was placed on a copper grid
coated with carbon to prepare the sample, and it was dried for 120 minutes at 24 + 2°C. The
specimen holder held the sample in place. The 1.8.0 version of Image J software was used to
calculate the particle size of ZnO/TiO2/g-C3sN4 NPs. The HR-TEM was combined with selected
area electron diffraction to study the NPs' crystalline structure.

2.3.5. X-ray photoelectron spectroscopy (XPS) analysis.

The data obtained from XPS (X-ray photoelectron spectroscopy) was gathered using a
Thermo Scientific Escalab 250Xi spectrometer. ZnO/TiO2/g-C3N4 chemical and electronic
states, as well as elemental composition, can all be measured by XPS in a given material.
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2.3.6. X-ray diffraction (XRD) analysis.

XRD studies were performed on the dried ZnO/TiO2/g-CsNa4 NPs using a Bruker D8
diffractometer equipped with Cuka radiation (A = 1.54 nm). The analysis of the powder XRD
was carried out within the scanning range (26 value) of 10° to 90°. The step size was 0.02°,
and the scanning rate was 4°/min.

2.3.7. Thermogravimetric (TGA) analysis.

The thermogravimetric (TGA) analysis of the weight loss experiment was conducted to
investigate the degree of PVC MP film degradation in the presence of ZnO/TiO2/g-C3N4/PVC
NCs.

3. Results and Discussion

The ZnO/TiO2/g-C3sNa NPs were blended with PVC to make composite films, which
were then tested for their degradation by sunlight irradiation. UV-vis spectroscopy, XRD, XPS,
FT-IR, and SEM-EDAX analysis were used to confirm preliminary ZnO/TiO2/g-C3sN4 NPs in
the polymer matrix. The formation of carbonyl groups (-C=0) in the degradation product of
PVC was confirmed by FT-IR analysis. The weight loss experiment was investigated by
thermogravimetric (TGA) analysis to study the degree of degradation of polymer film in the
presence of ZnO/TiO2/g-CsNa NPs. The photocatalytic degradation of PVC films in the
presence of ZnO/Ti02/g-CsNa is finally explained by a hypothesized mechanism.

3.1. UV-vis DRS.

UV-vis DRS was used to analyze the optical characteristics at room temperature. The
UV-visible spectrum, which ranges from 200 nm to 800 nm, displays the absorption spectra
(Figure 2). In Figure 2a, the adsorption edges of ZnO NPs, TiO2 NPs, g-C3N4NPs, ZnO/g-C3Na
NPs, TiO2/g-C3Na4 NPs, ZnO/TiO2 NPs, and ZnO/TiO2/g-C3N4 NPs are 300-450 nm [32, 43—

46], respectively, proving that UV light is the only source of excitement for them.
20
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Figure 2. (a) UV-visible DRS spectrum of ZnO NPs, TiO2 NPs, g-C3N4 NPs, ZnO/g-CsN4 NPs, TiO2/g-CsN4

NPs, ZnO/TiO; NPs, and ZnO/TiO,/g-CsN4 NPs; (b) the band gap of the as-obtained ZnO NPs, TiO, NPs, g-
C3N4 NPs, Zn0O/g-C3N4 NPs, TiO2/g-CsN4 NPs, ZnO/TiO2 NPs, and ZnO/TiO2/g-CsN4 NPs.

ZnO/Ti02/g-C3Na NPs, on the other hand, exhibit high absorption in the visible region.
Although the light absorption intensity of ZnO NPs, TiO2 NPs, g-CsN4 NPs, ZnO/g-CsN4 NPs,
TiO2/g-C3N4 NPs, and ZnO/TiO2 NPs is lower than that of ZnO/TiO2/g-C3sN4 NPs, its UV-vis
DRS sensitivity is still comparatively powerful.
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Conversely, Figure 2b shows how Tauc's equation is used to predict the bandgap energy
values of ZnO NPs, TiO2 NPs, g-CsNa NPs, ZnO/g-CsN4 NPs, TiO2/g-C3sN4 NPs, ZnO/TiO2
NPs, and ZnO/TiO2/g-C3sN4 NPs [32, 43-46]. The band gap energy values of ZnO NPs, TiO2
NPs, g-CsNa NPs, ZnO/g-CsN4 NPs, TiO2/g-C3N4 NPs, ZnO/TiO2 NPs, and ZnO/Ti02/g-CsNa
NPs are estimated at 3.01 eV, 3.00 eV, 2.98 eV, 2.90 eV, 2.88 eV, 2.84 eV, and 2.82 eV,
respectively.

3.2. FT-IR analysis.

The FT-IR spectrum obtained for the ZnO NPs, TiO2 NPs, g-CsNa NPs, ZnO/g-C3Na4
NPs, TiO2/g-CsNa NPs, ZnO/TiO2 NPs, and ZnO/TiO2/g-CsN4 NPs is shown in Figure 3. A
wideband is displayed in the 3550-3200 cm™ range, which corresponds to vibrations brought
on by OH bond stretching. For g-C3Ns, the absorption peaks at 1650-1200 and 805 cm™
correlated with the triazine structure's out-of-plane bending vibration mode and the stretching
vibration mode of the C=N bond and the C-N bond in aromatic heterocycles [47]. TiO2's
characteristic bands can be found between 900 and 700 cm™ [48-50]. The Zn-O NPs stretching
vibrations have been found in the 600400 cm™ range [51].

ZnO

B .
S~

Tio,

g-C3N,

ZnO/g-C,N, W

TiO,/g-C;N,

Transmittance %

ZnO/TiO2 ,
T —— . . S
ZnO/TiOz/g-C3N4

O-H C=N C-N TiO, ZnO
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Figure 3. FT-IR spectrum of ZnO NPs, TiO, NPs, g-C3N4 NPs, Zn0/g-CsN4 NPs, TiO2/g-CsN4 NPs, ZnO/TiO,

NPS, and ZnO/TiOzlg-C3N4 NPs.

3.3 HR-TEM and SEM-EDX analysis.

Figure 4a shows the surface morphology of ZnO NPs as observed by HR-TEM images.
The ZnO NPs have a rough surface and exhibit a regular spherical morphology. The presence
of Zn and O elements in the SEM-EDS image proves that the synthesized materials are ZnO
NPs (Figure 4b). The SEM-EDS analysis shows clear peaks of Zn (70.53%) and O (29.47%)
in the spectrum. Figure 4c shows the surface morphology of TiO2 NPs as observed by HR-
TEM images. The presence of Ti and O elements in the SEM-EDS image further proves that
the synthesized materials are TiO2 NPs (Figure 4d). The SEM-EDS analysis shows clear peaks
of Ti (66.58%) and O (33.42%) in the spectrum. Figure 4e shows the surface morphology of
g-CsN4 NPs as observed by HR-TEM images. The presence of C and N elements in the HR-
TEM-EDS image proves that the synthesized materials are g-CsN4 NPs (Figure 4f). The HR-
TEM-EDS analysis shows clear peaks of C (89.24%) and N (10.76%) in the spectrum.

Figure 4g shows the surface morphology of ZnO/g-C3N4 NPs as observed by HR-TEM
images. The presence of O, C, N, and Zn elements in the SEM-EDS image proves that the
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synthesized materials are ZnO/g-CsN4 NPs (Figure 4h). The SEM-EDS analysis shows clear
peaks of C (49.72%), N (21.47%), O (14.46%), and Zn (14.35%) in the spectrum. Figure 4i
shows the surface morphology of TiO2/g-CsN4 NPs as observed by HR-TEM images. The
presence of O, C, N, and Ti elements in the SEM-EDS image proves that the synthesized
materials are TiO2/g-CsNa4 (Figure 4j). The SEM-EDS analysis shows clear peaks of C
(52.44%), N (10.51%), O (26.48%), and Ti (10.58%) in the spectrum. Figure 4k shows the
surface morphology of ZnO/TiO2 NPs as observed by HR-TEM images. The presence of O,
Ti, and Zn elements in the SEM-EDS image proves that the synthesized materials are ZnO/TiO2
NPs (Figure 4l). The EDS analysis shows clear peaks of O (47.44%), Ti (46.77%), and Zn
(5.79%) in the spectrum. Figure 4m shows the surface morphology of ZnO/TiO2/g-C3N4 NPs
as observed by HR-TEM images. The presence of C, N, O, Ti, and Zn elements in the SEM-
EDS image proves that the synthesized materials are ZnO/Ti02/g-C3sN4 NPs (Figure 4n). The
SEM-EDS analysis shows clear peaks of C (50.29%), N (0.85%), O (30.61%), Ti (14.50), and
Zn (3.75%) in the spectrum.

0

1l Scale 206 cfs Cursor: 6107 (0 cts)

] 1 2 3
o FuSca 228 s Cursor 2184 (1

Figure 4. (a) HR-TEM image of ZnO NPs; (b) SEM-EDS spectrum of ZnO NPs; (¢) HR-TEM image of TiO;
NPs; (d) SEM-EDS spectrum of TiO, NPs; () HR-TEM image of g-C3N4 NPs; (f) HR-TEM-EDS spectrum of
9-C3N4 NPs; (g) HR-TEM image of ZnO/g-CsN4 NPs; (h) SEM-EDS spectrum of ZnO/g-CsN4 NPs; (i) HR-
TEM image of TiO2/g-C3N4 NPs; (j) SEM-EDS spectrum of TiO2/g-C3N4 NPs; (k) HR-TEM image of
ZnOITiOz NPs; (1) SEM-EDS spectrum of ZnO/TiO, NPs; (m) HR-TEM image of ZnO/TiO2/g-CsN4 NPs; (n)
SEM-EDS spectrum of ZnO/TiO,/g-C3N4 NPs.

3.4. X-ray photoelectron spectroscopic analysis.

The ZnO/Ti02/g-C3N4 NPs' XPS survey spectrum is shown in Figure 5a. The survey
spectra were measured in the electron-binding energy range of 0 eV to 1200 eV. There was a
0.5 eV energy step and a 0.5 s dwell period. In the broad spectrum, photoelectrons (C1s, O1s,
N1s, Ti2p, and Zn2p) were identified. The binding energies of the electrons in Zn2p, Ti2p,
Ols, C1s, and N1s are shown in Figures 5 (b, c, d, e, and f). Two sets of Zn2psi2, Zn2pa/2, and
their satellite peaks were visible for the Zn2p peaks at energies of 1021.16 and 1044.26 eV,
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respectively. These energies correspond to Zn?* in the ZnO/TiO2/g-C3N4 NP in Figure 5(b)
[52]. The Ti2ps2 and Ti2p12 peaks may be distinguished from the Ti2p peak, respectively, at
energies of 458.60 eV and 464.75 eV. This is consistent with the Ti** state in Figure 5(c) [53].
The 529.35 eV peak may be distinguished from the O1s peak in Figure 5(d) [54], respectively.
It is possible to identify the 284.35 eV and 288.22 eV peaks in Figure 5(e) from the C1s peaks
attributed to C-C and N-C=N [40], respectively. The 398.28 eV peak assigned to C-N=C may
be distinguished from the N1s peak in Figure 5(f) [55], respectively.
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Figure 5. XPS survey spectrum of the (a) ZnO/TiO,/g-C3N4 NPs; (b) Zn2p; (c) Ti2p; (d) Ols; (e) C1s; (f) N1s.
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3.5. X-ray diffraction (XRD) analysis.

In Figure 6a, the ZnO phases (100), (002), (101), (102), (110), (103), and (112) were
found to have the most prominent XRD peaks. 20 values at 31°, 34°, 36°, 47°, 56°, 62°, and
67°, respectively, the ZnO peaks were measured. The reflections from ZnO's hexagonal
wurtzite phase, designated by JCPDS number 00-036-1451, are represented by these peaks
[56]. TiO2 reflections (101), (103), (004), (220), (105), (211), and (204) are allocated to the
peaks at 260 values of 25.76°, 37.70°, 38.60°, 48.12°, 55.16°, 56.32°, and 64.21°. These values
match JCPDS file No.00-075-1537, which validates the presence of the anatase phase in Figure
6b. According to the Scherrer equation [57], anatase TiO2 has an average crystallite size of
approximately 16.95 nm. The two XRD peaks that the pristine g-CsNa displayed in Figure 6¢
were at 12.92° and 27.95°, respectively. These were attributed to the stacking of the conjugated
aromatic structure and the in-plane repeating units of the continuous heptazine framework,
which correspond to the (100) and (002) crystal planes [40]. For ZnO/g-CsNa, peaks at 20
values of 12.35°, 27.52°, 31.80°, 34.62°, 36.18°, 47.75°, 56.81°, and 62.89° are reflections for
Zn0/g-CsNa4, which confirms the presence of hexagonal wurtzite phase in Figure 6d. For
TiO2/g-C3N4, peaks at 26 values of 12.65°, 25.72°, 27.13°, 37.80°, 38.70°, 48.42°, 55.36°,
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56.42°, and 64.31° are reflections for TiO2/g-CsNa4, which confirms the presence of hexagonal
wurtzite phase in Figure 6e. ZnO/TiO2 peaks at 20 values of 25.57°, 31.99°, 34.67°, 36.52°,
38.03°, 47.80°, 48.29°, 55.30°, 56.86°, and 62.94° are reflections for ZnO/TiO2 [58], which
confirms the presence of the hexagonal wurtzite phase in Figure 6f. For ZnO/TiO2/g-C3Na,
peaks at 20 values of 12.45°, 25.62°, 27.13°, 31.90°, 34.72°, 36.22°, 38.08°, 47.85°, 48.34°,
55.40°, 56.91°, and 62.99° are reflections for ZnO/Ti02/g-CsN4, which confirms the presence
of hexagonal wurtzite phase in Figure 6g.
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Figure 6. XRD pattern of (a) ZnO NPs; (b) TiO2 NPs; (c) g-C3N4 NPs; (d) ZnO/g-CsN4 NPs; (e) TiO2/g-CsN4
NPs; (f) ZnO/TiO, NPs; (g) ZnO/TiO2/g-C3N4 NPs.

3.6. Photocatalytic application.

Photoinduced weight loss, thermogravimetric, SEM, and FT-IR analyses were used to
monitor the light sensitivity of synthesized ZnO/TiO2/g-CsNs NPs for catalytic
photodegradation of ZnO/PVC NCs films, TiO2/PVC NCs films, g-CsN4/PVC NCs films,
Zn0/g-CsN4/PVC NCs films, TiO2/g-C3sN4/PVC NCs films, ZnO/TiO2/PVC NCs films, and
ZnO/Ti02/g-C3N4/PVC NCs films. Figure 7 shows the weight loss curves of various PVC NC
films exposed to sunlight naturally. The results suggest higher weight loss of the ZnO/TiO2/g-
C3N4/PVC NCs film compared to that of various PVC films, and the weight reduction of the
ZnO/Ti02/g-CsN4/PVC NCs film was increased by irradiation time. Interestingly, we also
found a weight reduction of 5.78 + 0.10% of ZnO/Ti02/g-C3N4/PVVC NCs film in the dark after
240 h (Figure 7a). The maximum value of 39.86 + 0.26 % weight loss was for ZnO/TiO2/g-
C3N4/PVC NCs film after 240 h of sunlight exposure (Figure 7b), compared to the weight
reduction of various PVC films under a similar set of conditions. Moreover, the reactivity of
ZnO/Ti02/g-C3N4 NPs happened due to photoinduced electron transfer across NPs, and the
weight reduction suggests bond scission with the generation of volatile substances such as H20,
COg2, and volatile organic molecules [59-61].

Equation (1) was used to calculate the ZnO/TiO2/g-CsN4/PVC NCs’ film degradation
efficiency. After 240 hours of solar radiation, the PVC film containing (5:5:2%) ZnO/TiO2/g-
C3sN4 NPs had a degradation efficiency of 39.16%.

Degradation efficiency (%) = WLi — WL+#/WL,i x 100 (1)
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films, ZnO/g-C3N4/PVC NCs films, TiO2/g-C3N4/PVC NCs films, ZnO/TiO,/PVC NCs films, and ZnO/TiO,/g-
C3N4/PVC NCs films (a) under darkness; (b) solar light irradiation.

0 50

Thus, following a 240-hour exposure period, WLi represents the initial weight loss of
ZnO/TiO2/g-C3sN4/PVC NCs film exposed to solar light, and WLt represents the final weight
loss of ZnO/Ti02/g-C3sN4/PVC NCs film exposed to solar light.

Weight loss analysis (WLA) revealed bond scission and the emission of volatile
compounds resulting from the degrading process of ZnO/Ti02/g-C3N4/PVC NCs film during
solar irradiation [62].

The weight loss data is shown against time (h) in Figure 8, and an exponential equation
representing first-order kinetics was fitted to the data:

dwy/dt = -kt (2
Integration of equation (2) gives:
logio Wt = -kt/2:303 + logio Wo 3
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Figure 8. A first-order reaction plotting data on weight reduction against time.

Table 1. The process of photodegradation’s kinetic parameters.

S. No Photocatalyst Wo (@) k (h'h) R?
1 ZnO/PVC 1.0009 3.98x 103 0.9427
2 TiO2PVC 1.0000 4.23x10°% 0.96268
3 g-CsN4/PVC 1.0010 3.9x10° 0.95909
4 Zn0O/gCsN4/PVC 1.0002 3.92x 10 0.95949
5 TiO2/gCsN4/PVC 1.0004 412x10°% 0.96184
6 ZnO[TiO2PVC 1.0007 491x10% 0.96719
7 ZnOITiO2/gCsN4/PVC 1.0014 5.55 x 103 0.97686
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The molecular structure of the NC films was observed using FT-IR both before and
after 240 hours of irradiation. The amount of oxidation of ZnO/TiO2/g-CsN4/PVC NCs films,
both treated and untreated, has been determined by measuring the absorbance of carbonyl
groups (1800-1700 cm™) in their FT-IR spectrum. Equation (4) was used to calculate the
carbonyl index (CI).

CI = Az1800-1700 cm™Y/ A1380-1375 cm™ 4)

Where Ausoo-1700 cm™ is the average absorbance of the carbonyl (>C=0) peak at 1800-
1700 cm™ and Auisso-1375s cm™ is the absorbance of the methylene (-CH2) scissoring peak at
1380-1375 cm™ [62].

ClI values for ZnO/Ti02/g-C3sN4/PVC NCs MPs films exposed to solar light were 0.16
and 0.12, respectively, for films not exposed to solar light. When compared to the original P\VC
MPs, the ZnO/Ti02/g-C3sN4/PVC NCs films showed a significant decrease in crystallinity and
carbonyl indexes, as much as 2.84% lower. This difference suggests a higher carbonyl (—C=0)
breakdown product concentration is produced upon exposure to solar light irradiation. These
findings suggest that ZnO/Ti02/g-C3sN4 NPs can enhance PVC film degradation when exposed
to sun radiation.

Different characteristic bands are CH2 bend at 1424 cm™, CH bend at 1328 cm™, CH
bend at 1245 cm™, C-C stretch at 1093 cm™, CH2 rocking at 966 cm™?, and C-Cl stretching at
900-600 cm™?, which suggest the presence of PVC films (Figure 9) [63-65].

(610) C-C1

90 4
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Figure 9. FT-IR spectrum of pure PVC film.

The FT-IR spectrum of ZnO/PVC NCs films, TiO2/PVC NCs films, g-CsN4/PVC NCs
films, ZnO/g-C3N4/PVC NCs films, TiO2/g-C3sN4/PVC NCs films, ZnO/TiO2/PVC NCs films,
and ZnO/Ti02/g-C3sN4/PVC NCs films before sunlight irradiation shows a band at 1725-1705
cm assigned to carbonyl (-C=0) groups, the absorption peaks for g-CsNas at 1650-1200 cm™*
corresponded to the stretching vibration mode of the C=N bond and the C-N bond in aromatic
heterocycles, 1424 cm™ to CH2 rock, CH bend at 1245 cm™, 966 cm ™ to CH2 rock, 900-700
cm is assigned to TiOz, 836 cm™ the out-of-plane bending vibration mode of the triazine
structure, 900700 to C-Cl, and 600-400 cm™ to Zn-O stretching vibration (Figure 10a). The
bands of ZnO/PVC NCs films, TiO2/PVC NCs films, g-CsN4/PVC NCs films, ZnO/g-
C3N4/PVC NCs films, TiO2/g-C3N4/PVC NCs films, ZnO/TiO2/PVC NCs films, and
ZnO/TiO2/g-C3N4/PVC NCs films after sunlight irradiation for 240 h at the band at 1725-1705
cm? are assigned to C=0O bond, the absorption peaks for g-CaNs4 at 1650-1200 cm™
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corresponded to the stretching vibration mode of the C=N bond and the C-N bond in aromatic
heterocycles, 1424 cm™ to CH2 rock, CH bend at 1245 cm™, 966 cm™ to CH2 rock, 900-700
cm is assigned to TiOz, 836 cm™ the out-of-plane bending vibration mode of the triazine
structure, 900-600 to C-Cl, and 600-400 cm™ to Zn-O stretching vibration (Figure 10b). For
photo-irradiated various films of PVC after sunlight irradiation for 240 h (Figure 10), several
new functional peaks appeared in the spectrum. The intensity of carbonyl groups in
ZnO/TiO2/g-C3N4/PVC NCs films after sunlight irradiation for 240 h was the strongest among
ZnO/PVC NCs films, TiO2/PVC NCs films, g-CsN4/PVC NCs films, ZnO/g-CsN4/PVC NCs
films, TiO2/g-C3N4/PVC NCs films, and ZnO/TiO2/PVC NCs films (Figure 10b).
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Figure 10. FT-IR spectrum of ZnO/PVC NCs film, TiO2/PVC NCs film, g-CsN4/PVC NCs film, ZnO/g-
CsN4/PVC NCs film, TiO2/g-CsN4/PVC NCs film, ZnO/TiO./PVC NCs film, and ZnO/TiO2/g-CsN4/PVC NCs
film (a) before 240 h of solar radiation naturally; (b) after 240 h of solar irradiation naturally.

3.6.1. Thermal stability of PVC films.

The results of a TGA measurement used to evaluate the ZnO/TiO2/g-C3sN4/PVC NCs
film's thermal stability and degradation are shown in Figure 11. The film samples of
ZnO/Ti02/g-CsN4/PVC NCs that were photo-irradiated and non-irradiated underwent two
stages of thermal decomposition over the temperature range, as is evident. Generally, the initial
decomposition of these films may be attributed to the primary thermal degradation of an
unstable amorphous polymer matrix.

10.36%

IOO-Q

12.02% (b)

35.28%
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30.89% 29.86%
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Figure 11. TGA thermograms of ZnO/TiO,/g-C3N4/PVC NCs film (a) before 240 h of solar radiation; (b) after
240 h of sunlight irradiation.

In contrast, the secondary decomposition may result from the thermal degradation of a
compact crystalline PVC film. The thermogram shows that the non-irradiated ZnO/TiO2/g-
C3N4/PVC NCs film started to lose weight at 110°C and then drastically degraded up to 600°C,
losing 34.56% of its initial weight. In contrast, the photo-irradiated ZnO/TiO2/g-C3N4/PVC
https://biointerfaceresearch.com/ 13 of 21
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NCs film showed an initial weight loss of 12.02% at 200°C and then further degraded up to
600°C, losing 34.86% of its initial weight. When exposed to 1000°C, the non-irradiated
ZnO/Ti02/g-CsN4/PVC NCs film in Figure 1la and the photo-irradiated ZnO/TiO2/g-
C3sN4/PVC NCs film in Figure 11b both experienced significant degradations, with final weight
losses of 68.84% and 70.14%, respectively.

Table 2. Comparison of degradation efficiency (%) of different photocatalysts towards PVVC from the literature.

S. Plastics Solvent Photocatalyst Egposu re Dark (%_ of | Sunlight (% of Ref
No type time (h) degradation degradation
1 PVC DMF 9-CaN4 120 h 58% [32]
2 PVC - TiO2 60 h 1.4% [33]
3 PVC - ZnO 3h 12% [34]
4 PVC Cyclohexane ZnO 90 min 14.2% [35]
5 PVC ZnO 7200 sec UV light (20%) [66]
6 | PVC Ti02/GO 12h L;B’ l'lgzt [67]
7 pPvC Cyclohexanone Fe/ZnO 210 min - 4.84% [68]
8 PVC DMF ZnO 240 h 5.01+£0.06% | 31.74+0.10%
9 PVC DMF TiO2 240h 5.09£0.05% | 32.60 +0.20%
10 PVC DMF g-CaNs 240 h 521+0.10% | 33.96+0.30%
11 PVC DMF Zn0O/g-C3N4 240 h 5.37+£0.12% | 35.00 +0.06% This study
12 PVC DMF TiO2/g-CsNa4 240 h 556 £0.07% | 37.02+0.12%
13 PVC DMF ZnO/TiO2 240 h 5.67£0.08% | 38.00+0.14%
14 | pvC DMF Z”OC/;'\I?ZI g 240 h 5.78+0.10% | 39.86 +0.26%

In summary, Gou et al. [32] reported 58% degradation using g-CsN4/PVC NCs as
photocatalysts after 120 h of sunlight exposure in a DMF medium. Xiao-jing et al. [33] used
TiO2-PVC NCs for their degradation after 60 h of sunlight exposure and reported 1.4%
degradation. A. Roy et al. [34] used photocatalyst ZnO NPs and reported 12% degradation of
PVC film under sunlight exposure for a period of 3 h. Sil et al. [35] used photocatalyst ZnO
NPs and reported 14.2% degradation of PVC film under sunlight exposure for a period of 90
min in a cyclohexane medium. Chakrabarti et al. [66] observed 20% degradation of PVC in
the presence of photocatalyst ZnO under UV exposure of 7200 sec. Hiremath et al. [67]
reported excellent degradation efficiency of TiO2/GO photocatalyst (70.14%) on PVC under
UV light exposure for 12 h. Das et al. [68] found 4.84% degradation of PVC by photocatalyst
Fe/ZnO after exposure to sunlight for 210 min in cyclohexane solvent. In this study, we found
the degradation of PVVC films (39.86 = 0.26%) after exposure to sunlight for 240 h in DMF
medium (Table 2). Specifically, pure PVC film, ZnO/PVC NCs film, TiO2/PVC NCs film, g-
C3N4/PVC NCs film, Zn0O/g-C3N4/PVC NCs film, TiO2/g-C3N4/PVC NCs film,
ZnO/TiO2/PVC NCs film, and ZnO/TiO2/g-CsN4/PVC NCs films degrade 5.78 + 0.10%, 31.74
+ 0.10%, 32.60 £ 0.20%, 33.96 £ 0.30%, 35.00 = 0.06%, 37.02 + 0.12%, 38.00 + 0.14%, and
39.86 + 0.26%, respectively (Table 2). ZnO/TiO2/g-C3sN4/PVC NCs films show high
degradation of PVC films (39.86 £ 0.26%) compared to various PVVC films.

3.6.2. SEM-EDX morphological features.

We can see the effect of photodegradation on the surface morphology of ZnO/TiO2/g-
C3N4/PVC NCs films before and after 240 hours of sun exposure using SEM micrographs
(Figure 12). Before 240 hours of solar exposure, the surface of ZnO/TiO2/g-C3sN4/PVC NCs
films was naturally uniform and smooth, with no significant degradation or morphological
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impacts on the surface roughness that emerged on ZnO/TiO2/g-C3N4/PVC NCs films surfaces
(Figure 12a). The presence of C, N, O, Ti, and Zn elements in the SEM-EDS image of
ZnO/Ti02/g-CsN4/PVC NCs films before 240 h of solar radiation (Figure 12c). Degradation
activities were seen after 240 hours of natural solar radiation exposure to the ZnO/TiO2/g-
C3N4/PVC NCs films. On the surface of the ZnO/Ti0O2/g-C3sN4/PVVC NCs films, several spots
and cracks formed (Figure 12b). The presence of C, N, O, Ti, and Zn elements in the SEM-
EDS image of ZnO/Ti02/g-C3N4/PVVC NCs films after 240 h of solar radiation (Figure 12d).

o 1 2 3 4« s & 7/[0 1 2 3 4 § & 7
Full Scale 226 cts Cursor: 7.154 (1 cis) keV] [Full Scale 226 cts Cursor: 7.154 (1 cts) ke
Figure 12. SEM-EDX analysis of ZnO/TiO2/g-CsN4/PVVC NCs films (a, ) before 240 h of solar radiation; (b, d)
after 240 h of sunlight irradiation.

3.6.3. Mechanisms for photocatalytic degradation of ZnO/Ti02/g-C3sN4/PVC NCs films.

The ZnO/Ti02/g-C3sN4/PVC NCs film's photocatalytic degradation is depicted in Figure
13. The band gap of the n-type semiconductor ZnO/TiO2/g-C3sNais 2.82 eVV. When exposed to
sufficient light, the ZnO photocatalyst surface produces the photogenerated carriers (h* and e
). The photogenerated electrons (e”) were created when the electrons that were receiving light

energy were energized to move from the valence band (VB) to the conduction band (CB).

CO,+H,0+
Degradation products

Sunlight

Figure 13. lllustration of the PVC plastic's photodegradation process using the ZnO/TiO2/g-CsN4 photocatalyst.

The photogenerated holes (h*) with oxidant activity were created by the valence band
in the meantime (Egns. 5-6). The separation and migration of ZnO/TiO2/g-C3sN4 NPs
photogenerated electrons, the prevention of photogenerated carrier conformation, and the
photocatalytic effectiveness can all be greatly enhanced by the ability of ZnO/TiO2/g-CsNa NPs
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to store and transport electrons (Eqgn. 7). Afterwards, O2 and H20 adsorbed on the surface of
ZnO/Ti02/g-C3N4 form “O% and -OH during the photocatalytic process (Eqns. 8-9) [69,70]. A
carbon atom-centered free radical chain was created when the “O? and -OH attacked the PVC
molecular chain. An oxygen-containing group was produced by the interaction with Oz (Eqgns.
10-11), which then followed additional reactions and broke down into smaller molecular
compounds (Eqn. 12). Finally, under ideal circumstances, the small-molecule compounds
change into CO2 and H20 (Eqns. 13-15) [71,72]. The reaction in (Egns. 5-15) is as follows:

ZnO/Ti02/g-C3Na+ hv — ZnO/Ti02/g-C3N4™ (e~ + h™) (5)
ZnO/TiO2/g-C3sNa4 (h*) + H20 — ZnO/Ti02/g-C3N4 + -OH + H* (6)
ZnO/Ti02/g-C3aN4” (") + O2 — ZnO/Ti02/g-C3N4 + Oz~ (7
O2"+H"— -OzH (8)
‘O2H + H20 — -‘OH + H202 9)
_(CH2CHCI)- + -OH — ~(CHCHCI)- + H20 (10)
-(CHCHCI)- + O2 — -(‘CH(OO-)CHCI)- (11)
-(CH(OO)CHCI)- +-(CH2CHCI)- — -(CH(OOH)CHCI)- + -(CHCHCI)- (12)

-(CH(OOH)CHCI)- + hv — -(‘CH(‘O)CHCI)- + -OH (13)

-(CH(‘O)CHCI)- +-(CH2CHCI)- — -(‘CH2(CHCI)CHO)- + --CHCI(CH2CHCI)(14)
-CHCI(CH2CHCI)- + O2— CO2 + H20 (15)
3.6.4. Recyclability and stability study of ZnO/TiO2/g-C3N4 NPs.

The recyclability of ZnO/TiO2/g-C3N4 NPs in PVVC film was tested for up to five cycles
to ensure their stability. After the first cycle, ZnO/TiO2/g-CsN4/PVC NC films were repeatedly
washed with DDW. In a 50-ml vial, ZnO/TiO2/g-CsN4/PVC NCs films were added to 20 ml of
DMF. It was ultrasonicated for 10 minutes and centrifuged. Then, a 50 ml vial was placed on
a stand for 30 minutes. PVC films in the DMF solvent were filtered out of the vial. The
remaining ZnO/TiO2/g-CsN4 NPs settled at the bottom. The ZnO/TiO2/g-CsN4 NPs were
repeatedly washed with DDW and centrifuged. It was then allowed to dry overnight at 80°C.
The photocatalyst that had been restored was once again used in degradation reactions. The
photocatalytic degradation efficiency of ZnO/Ti02/g-C3sN4 NPs was reported to be around five
cycles. The first cycle had a degradation efficiency of around 87.48%, which was reduced to
78.14% by the fifth cycle (Figure 14a). The stability of ZnO/TiO2/g-C3sN4 NPs was determined
by comparing the FT-IR and XRD analyses of freshly synthesized and recovered ZnO/TiO2/g-
C3sN4 NPs following the degrading reactions (Figure 14b and c). The results indicate that there
is no noticeable difference between freshly synthesized and recovered catalysts. As a result,
ZnO/Ti02/g-C3N4 NPs are extremely stable and can be used as a photocatalyst for PVC MP
film degradation.
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Figure 14. Recyclability of (a) ZnO/TiO2/g-C3N4 NPs; (b) FT-IR spectrum of ZnO/TiO2/g-C3N4 NPs; (c) XRD
of ZnO/TiO,/g-CsN4 NPs towards PVC film.

4. Conclusions

This present research provides a different approach for the white synthesis of
ZnO/Ti02/g-C3sN4 NP photocatalysts. ZnO/TiO2/g-CsN4 NPs exhibit an SPR band at 407 nm,
and their ZnO stretching frequencies, which range from 600 to 400 cm':, are within the metal-
oxygen stretching frequencies, which are 900 to 700 cm™. The ZnO/Ti02/g-CasN4/PVC NCs
film's sunlight photocatalytic performance is greater than that of various PVC NCs films, as
per weight loss data. The formation of carbonyl groups and the physical degradation of the
polymer matrix can assist in the degradation of PVC plastic film. CI values for ZnO/TiO2/g-
C3N4/PVC NCs MPs films exposed to solar light were 0.16 and 0.12, respectively, for films
not exposed to solar light. When compared to the original PVC MPs, the ZnO/TiO2/g-
C3sN4/PVC NCs films showed a significant decrease in crystallinity and carbonyl indexes, as
much as 2.84% lower. The efficacy of the ZnO/Ti02/g-C3N4 NPs in degrading PVC is validated
by photocatalytic degradation studies. Additionally, we have put forth hypothetical equations
that explain the PVC degrading process utilizing ZnO/TiO2/g-C3N4 NPs as a photocatalyst. g-
CsNz4 has the potential to enhance ZnO/Ti0O2 photogenerated electron separation and migration,
inhibit photogenerated carrier conformation, and accelerate PVVC photodegradation. It should
come as no surprise that photocatalytic technology offers a workable and efficient remedy for
"white pollution.”
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