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Abstract: Pol(vinyl chloride) or PVC has functional properties that enable its use in many industrial
applications. It suffers from aging, however, in harsh conditions (e.g., elevated temperature or high
humidity levels) if oxygen is present. One way to enhance the photostability of PVC is to blend
it with additives. Thus, thin films were made by mixing PVC with clotrimazole, and five metal
oxide (titanium, copper, cobalt, chromium, and nickel oxides) additives. The metal oxides and
clotrimazole were added at concentrations of 0.1 and 0.5% by weight, respectively. The effect of the
metal oxide nanoparticles accompanied by clotrimazole on the photodegradation of PVC was then
assessed. The results indicated that the additives have a stabilizing effect and protect PVC against
photodegradation significantly. The formation of polymeric fragments of small molecular weight
containing carbon-carbon double bonds and carbonyl groups was lower in the blends containing
metal oxide nanoparticles and clotrimazole than in unblended PVC. Similarly, the decrease in
weight was much less for the films blended with additives. Additionally, surface analysis of the
irradiated polymeric films showed significantly lower damage in the materials containing additives.
The most effective additive in the stabilization of PVC was nickel oxide nanoparticles. The metal
oxides are highly alkaline and act as scavengers for the hydrogen chloride produced during the
photodegradation of PVC. They additionally act as peroxide decomposers. In contrast, clotrimazole
can absorb harmful radiation and act as an ultraviolet absorber due to its heteroatom and aromatic
content. Thus, the use of a combination of metal oxide nanoparticles and clotrimazole led to significant
improvement in the resistance of PVC toward photodegradation.

Keywords: poly(vinyl chloride); ultraviolet irradiation; photodegradation; metal oxide nanoparticles;
polymer weight loss; clotrimazole

1. Introduction

Plastics are ubiquitous synthetic polymers that are produced in huge quantities to
meet demand. They have many applications that require a variety of shapes and forms.
Plastics can be used to produce, for instance, components for building construction, cars,
aircraft, medical devices, and packing. The demand for plastics has increased by more than
20-fold in the last 50 years [1,2]. Poly(vinyl chloride), PVC, is one of the common synthetic
plastics involved in many applications [3]. PVC has chemical and physical properties
that make it amenable to a wide range of applications. In addition, PVC is affordable,
easy to be molded and color, and can be produced in a variety of shapes with a range
in hardness [4]. PVC can be used in electrical and sound insulation, building materials,
household goods, medicinal devices, electronics, cables, and automotive components [5–8].
Additionally, PVC contains a high proportion of chlorine and therefore can be employed as
a fire retardant. A downside of PVC, however, is photodegradation at high temperatures
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in an oxygenated atmosphere. Accordingly, there is a need for the development of new
materials to be incorporated into PVC in order to increase durability in addition to the
maximization of performance, lowering of production costs, and reduction in detrimental
environmental impact [9–11].

PVC oxidative degradation occurs when the polymer is exposed to ultraviolet (UV) radi-
ation (e.g., sunlight) in an environment containing an appreciable amount of oxygen [12–16].
Photodegradation involves the formation of radicals following the absorption of UV radia-
tion. PVC is not expected to absorb light with a wavelength beyond 200 nm. However, PVC
contains impurities from the manufacturing process (e.g., carbonyl and peroxide-containing
compounds) at a low concentration in defect sites at which the photodegradation process
starts [17]. PVC photodegradation causes chain scission, cross-linking, and branching lead-
ing to the formation of reactive fragments incorporating carbonyl (C=O) and alkene (C=C)
groups. In addition, dehydrochlorination takes place with the elimination of hydrogen
chloride (HCl) and other volatiles [18]. The effect on the material is discoloration, weight
loss, cracks, and dark spots [18]. The addition of stabilizers to PVC during manufacture
can reduce the harmful effects of harsh conditions (e.g., sunlight and high temperature) by
increasing its photostability and thereby extending its useful lifetime [19–22].

For the additives to be effective against the photodegradation of PVC, they need to
fulfill certain criteria. The additives should be stable, non-volatile, non-toxic, and active at
a low concentration, and not lead to a color change. They should also contain heteroatoms
and aromatic and/or heterocyclic moieties, as well as being easy and inexpensive to syn-
thesize. As a consequence of their composition, the additives should have the ability to
absorb harmful radiation, scavenge HCl and peroxides, and decompose reactive species
(e.g., free radicals containing species) [23–25]. Various additives have been used on a
commercial scale to increase PVC photostability [26–30]. The most common PVC commer-
cial additives include metals, metal oxides, benzophenones, benzotriazoles, phthalates,
tris(di-tert-butylphenyl)phosphite, and tetrachlorobiphenyl. These additives commonly
act as UV absorbers and HCl quenchers. However, many of these PVC stabilizers pose a
danger to human and animal populations and the environment, and therefore their use has
been banned [31–33]. In recent years, attention has shifted to the synthesis of new additives
(e.g., aromatics, heterocycles, Schiff bases, and organometallics) for application against
PVC photodegradation [34–37]. It should be noted that most PVC photostabilizers contain
aromatic moieties that are capable of absorbing UV irradiation directly [34].

Nanoparticles (NPs) have become the focus of researchers in various disparate fields
due to their superior physical, chemical, and biological properties. Generally, NPs are
synthesized using one of two approaches known as top-down and bottom-up processes.
The top-down approach requires a mechanical process in which bulk material is crushed or
break down into fragmented NPs. Alternatively, the bottom-up method involves synthesis
of NPs through chemical processes [38,39]. NPs have different physical characteristics (e.g.,
porosity, surface area, size, and geometry) and can therefore be utilized in different appli-
cations (e.g., as antimicrobials, modifiers, membranes, nanofillers, and additives) [40–42].
They are becoming particularly important in healthcare and biomedical applications as
they offer solutions to many challenges associated with many current materials used in
the medicinal field. As an example, silver NPs have been found to have antioxidant and
antimicrobial activities [43,44]. Recently, metal oxide NPs have been tested as photostabi-
lizers for PVC [45,46]. The results indicated that the damage in the PVC chains due to UV
photoirradiation was reduced by the presence of the metal NPs.

Recently, several groups of organometallics have been synthesized and used as PVC
photostabilizers [47–50]. The current research involves the assessment of a combination of
several metal oxide NPs and clotrimazole as PVC photostabilizers with the advantage that
no additional synthetic procedures are involved to produce the additives. Metal oxides can
act as bases to scavenge HCl eliminated from PVC chains due to photodegradation. On
the other hand, clotrimazole is an excellent candidate to be part of a PVC additive. It is a
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highly stable solid, aromatic, and contains a high proportion of heteroatoms. Therefore,
clotrimazole is expected to act as a UV absorber.

2. Materials and Methods
2.1. Materials and Instruments

PVC (molecular weight = ca. 233,000; degree of polymerization = ca. 800) was sourced
from Petkim Petrokimya (Istanbul, Turkey). Clotrimazole (98%), metal oxide NPs (98–99%),
and analytical grade solvents were obtained from Merck (Gillingham, UK). The diameters of
titanium oxide (TiO2), copper oxide (CuO), cobalt oxide (Co3O4), chromium oxide (Cr2O3),
and nickel oxide (NiO) were 15, 56, 15,50, and 31 nm, respectively. IR spectra were recorded
on an FTIR Shimadzu 8400 spectrophotometer (Tokyo, Japan). The films were irradiated
using UV light (λmax = 313 nm; light intensity = 6.2 × 10−9 Einstein dm−3 × s−1) at 25 ◦C
using an accelerated weather tester (Q-Panel Company; Homestead, FL, USA). The tester
has two fluorescent lamps (40 watts) on the sides and the films were placed at a distance of
10 cm from the sources and oriented parallel to the lamps. To ensure uniform irradiation,
the polymeric materials were rotated regularly. Optical images of the surface of PVC films
were recorded on a Meiji Techno microscope (Tokyo, Japan). A SIGMA 500 VP microscope
(Carl Zeiss Microscopy; White Plains, NY, USA) was used to record the scanning electron
microscopy (SEM) images and the energy dispersive X-ray (EDX) maps of the films. A
Veeco instrument (Plainview, NY, USA) was used to obtain the atomic force microscopy
(AFM) images.

2.2. Preparation of PVC Films
2.2.1. Preparation of Blank PVC Films

The unblended PVC film was prepared using the solvent casting method. PVC (5 g)
was first stirred in tetrahydrofuran (THF) as a solvent (100 mL) at 25 ◦C for 3 h. The mixture
was then sonicated for 1 h to remove air bubbles and transferred into a clean glass plate
containing 15 holes with a thickness of ca. 40 µm. The plate was left for a day for the THF
to evaporate. The PVC films obtained were dried in a vacuum oven at 40 ◦C for 8 h to
ensure the complete elimination of solvent residue.

2.2.2. Preparation of Modified PVC Films

The procedure was similar to that described in Section 2.2.1. In addition to the PVC
(5 g), clotrimazole (Figure 1; 0.5% by weight, i.e., 25 mg) and appropriate metal oxide NPs
(TiO2, CuO, Co3O4, Cr2O3, and NiO; 0.1% by weight, i.e., 5 mg) were added. Since small
quantities (1% by weight) of metal oxide NPs were used, no color changes were observed
in the resulting PVC films.
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2.3. UV Radiation of PVC Films

The PVC films were kept under UV light (λmax = 313 nm; light intensity = 6.2 × 10−9

Einstein dm−3 × s−1) for different periods in the range 50–300 h (i.e., 50, 100, 150, 200, 250,
and 300 h) at 25 ◦C.
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3. Results and Discussion
3.1. Assessment of PVC Photodegradation by FTIR Spectrophotometry

The unblended PVC film and the blends with clotrimazole (L) and metal oxide NPs
were irradiated for 50–300 h with samples being analyzed every 50 h to determine the
degree of photodegradation. IR spectroscopy is a useful method for the assessment of the
effect of additives on photodegradation. Irradiation of PVC results in bond breaking, the
elimination of HCl, and the formation of small fragments containing alcohol (OH), alkene
(C=C), and ketone (C=O) groups [51,52].

The FTIR spectrum of the irradiated PVC showed a broad absorption band correspond-
ing to the OH that appeared within the region of 3500 cm−1. It shows strong absorption
bands that appeared at 1730 and 1615 cm−1, corresponding to the stretching vibrations
of the C=O and C=C, respectively. Additionally, the FTIIR spectrum of PVC shows the
presence of a peak that appeared at 1328 cm−1 corresponding to the bending vibrations of
the C–H (from the CHCl residues of the PVC polymeric chains). Moreover, the spectrum
shows bands corresponding to the C–C, C–Cl, and C–H (from the CH2 group) groups. The
intensity increase in peaks corresponding to the C=O (1730 cm−1) and C=C (1615 cm−1)
groups was assessed and compared to a reference peak. The C–H bond (1328 cm−1) of CH2
groups in the polymeric chain was used for comparison since irradiation has minimal effect
on its intensity. The frequency corresponding to the C=O and C=C absorption bands is
consistent with those reported [47–50]. However, the position of the C=O absorption band
may vary depending on the type of carbonyl-containing fragments produced (aliphatic
ketone, acid chloride, or chloroketone). As an example, the absorption bands for the C=O
group of dichloroketone and acid chloride appear at 1745 and 1785 cm−1, respectively [53].

The IR spectra for the non-irradiated and irradiated (300 h) unblended PVC films
and the irradiated blend containing both clotrimazole and Ni NPs are shown in Figure 2.
The spectra clearly indicated the presence of fragments containing both the C=C and
C=O groups after irradiation of PVC. However, the intensity of the absorption bands for
these groups is lower in the case of the PVC blend containing both clotrimazole and Ni
NPs compared to the pure film. The efficiency of the additives as PVC photostabilizers
are due to the combined effect of both metal oxide NPs and ligand. The effectiveness
of metal oxide NPs as PVC stabilizers could be due to their basicity thus acting as HCl
scavengers. The strength of metal acidity is highly dependent on the ratio of charge to
size, electronegativity, and hardness [54]. However, the basicity of metal oxides is not the
only factor that contributes to their ability to act as PVC stabilizers. The diameter, size,
geometry, and molecular weight of metal oxide NPs could play a role in their effectiveness
as additives for PVC. In principle, metal oxide NPs can act as PVC additives on their own.
However, this hypothesis needs to be tested.

After every 50 h period of irradiation, the absorbance for C=O or C=C (As) and that
for the reference peak (Ar; C–H bond of the CH2 group) were determined. The indexes (Is)
for both functional groups (IC=O and IC=C) were calculated using Equations (1) and (2)
based on both the transmittance (T) and absorbance (A) [55]. Figures 3 and 4 show the
changes in both the Ic=o and Ic=c during irradiation, respectively.

A = 2 − log T% (1)

Is = As/Ar (2)
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Figure 4. The IC=C index as a function of irradiation time for PVC films.

The Ic=o and IC=C were highest for the unblended PVC film and increased as irradiation
progressed. All additives resulted in a noticeable reduction in the IC=O and IC=C. The
clotrimazole (L) lead to some improvement in PVC photostability but much less than in the
cases where NPs were used. The Ic=o after 300 h of irradiation were 0.42, 0.38, 0.29, 0.25,
0.23, and 0.17 for the films containing pure PVC, PVC/L, PVC/L/Ti NPs, PVC/L/Cu NPs,
PVC/L/Co NPs, PVC/L/Cr NPs, and PVC/L/Ni NPs, respectively. Similarly, the IC=C
were PVC (0.44), PVC/L (0.38), PVC/L/Ti NPs (0.31), PVC/L/Cu NPs (0.29), PVC/L/Co
NPs (0.26), PVC/L/Cr NPs (0.22), and PVC/L/Ni NPs (0.19) at the end of the process. The
greater decrease in both Ic=o and IC=C for the films blended with metal oxide NPs is clear
and indicates the capabilities of such additives to increase PVC photostability. The Ni NPs
led to the most noticeable reduction in PVC photodegradation. The effectiveness of NPS in
stabilizing PVC decreases in the order Ni, Cr, Co, Cu, and Ti. A similar observation was
made when a combination of Ni NPs and captopril as a PVC additive was compared with
Cu and Co (i.e., Ni > Co > Cu NPS) [46].
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3.2. Assessment of PVC Photodegradation by Weight Loss

Oxidative degradation of PVC can lead to undesirable effects such as color changes,
elimination of volatiles (e.g., HCl), and formation of small fragments. A loss in polymer
weight can also accompany the process [56]. The weight loss percentage is directly propor-
tional to the amount of PVC photodegradation and the duration of irradiation. Thus, the
films were weighed pre-irradiation (W0), irradiated with a UV light, and then reweighed
(Wt) at 50 h intervals up to 300 h of irradiation. Equation (3) was used to calculate the
percentage of PVC weight loss [57]. The results are shown in Figure 5.

Weight loss (%) =
W0 − Wt

W0
× 100 (3)
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The highest weight loss occurred when no additives were used. Clotrimazole on its
own showed some degree of PVC protection, but combinations of clotrimazole and metal
oxide NPs were more efficient as PVC additives. The film containing Ni NPs showed the
lowest loss in weight in agreement with the results from the analysis of the IR spectroscopy
functional group index (Figures 3 and 4). For example, the weight losses (%) post-irradiation
(i.e., after irradiation for 300 h) were 5.5, 4.9, 3.3, 2.3, 1.9, and 1.4 for the films containing
pure PVC, PVC/L, PVC/L/Ti NPs, PVC/L/Cu NPs, PVC/L/Co NPs, PVC/L/Cr NPs,
and PVC/L/Ni NPs, respectively.

3.3. Assessment of PVC Photodegradation by Surface Analysis

The inspection of the surface of PVC films can provide information on the damage
caused by photodegradation. Irradiation can cause decomposition and chain scission of
PVC leading to spotty, heterogenous, and rough surfaces. Different microscopes were used
to assess for irregularities, deformations, roughness, graininess, darkness, spottiness, and
crakes in the surface of the irradiated PVC film [58–60]. Irradiation led to a change in
color, cracking, and dark spots whereas the surfaces of the non-irradiated polymers were
smooth and regular. The optical microscopy images of the irradiated and nonirradiated
PVC films are shown in Figures 6 and 7. For example, the addition of clotrimazole reduces
the homogeneity of the non-irradiated PVC film (Figure 6). However, following irradiation,
the homogeneity of the surface of the irradiated PVC blend containing clotrimazole has
not changed and was much better than that of the pure PVC film. This is clear evidence
that the ligand itself can act as a PVC photostabilizers on its own. The images show
noticeable surface damage on irradiation when no clotrimazole and/or metal oxide NPs
are present. The use of both clotrimazole and metal oxide NPs led to a reduction in PVC
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photodegradation indicating that they act as efficient stabilizers. The least damage was
observed for the blends containing Ni NPs, in consistence with the results obtained from
the assessment of IR spectra and weight loss.
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High-resolution SEM images of the PVC surfaces were also recorded. SEM images
tend to be non-distorted and enable a clear assessment of surface irregularity and homo-
geneity [61]. In addition, the images provide information about particle size and shape
as well as the diameters of pores and grooves and their distribution on the surface. The
SEM images recorded for the PVC films after irradiation are shown in Figures 8 and 9.
The high rate of elimination of HCl and volatiles from the chains of PVC during irradi-
ation forms grooves of varying shapes and sizes [62]. The SEM images show that the
surfaces of the PVC blended with Cr and Ni NPs are similar in terms of pores’ shape, size,
and distribution.
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More details about the porosity and roughness of the irradiated PVC surfaces can be
obtained using AFM. AFM has the advantage that a vacuum environment is not needed.
The roughness in the PVC surfaces after irradiation is due to dehydrochlorination and
cleavage of bonds in the polymeric chains [63]. The highest roughness factor (Rq) was
found for the irradiated unblended PVC (Figure 10) and the lowest for the Ni NPs blend
(Figure 11). The Rq obtained after 300 h of irradiation were 439, 116, 96, 85, 74, and 41 for
the PVC (pure), PVC/L, PVC/L/Ti NPs, PVC/L/Cu NPs, PVC/L/Co NPs, PVC/L/Cr
NPs, and PVC/L/Ni NPs films, respectively. The Ni NPs led to an improvement in surface
roughness by 10.7-fold in comparison to the irradiated pure PVC film. The use of metal
oxide NPs in combination with captopril led to an increase in Rq by 5.2–10.3 fold [46].
Modified PVC that contains benzaldehyde, ethylene diamine, and metal oxide NPs led to
improvement in the Rq by 4.8–10.9 fold [45]. An additional synthetic step was required,
however, to produce the modified polymer. The use of synthesized organotin complexes
led to significant improvements in the Rq. The level of improvement in the Rq was found
to be highly dependent on the type of organic moiety in the tin complexes [47–50].
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Polymers 2023, 15, 1632 12 of 17

Polymers 2023, 15, x FOR PEER REVIEW 12 of 18 
 

 

More details about the porosity and roughness of the irradiated PVC surfaces can be 
obtained using AFM. AFM has the advantage that a vacuum environment is not needed. 
The roughness in the PVC surfaces after irradiation is due to dehydrochlorination and 
cleavage of bonds in the polymeric chains [63]. The highest roughness factor (Rq) was 
found for the irradiated unblended PVC (Figure 10) and the lowest for the Ni NPs blend 
(Figure 11). The Rq obtained after 300 h of irradiation were 439, 116, 96, 85, 74, and 41 for 
the PVC (pure), PVC/L, PVC/L/Ti NPs, PVC/L/Cu NPs, PVC/L/Co NPs, PVC/L/Cr NPs, 
and PVC/L/Ni NPs films, respectively. The Ni NPs led to an improvement in surface 
roughness by 10.7-fold in comparison to the irradiated pure PVC film. The use of metal 
oxide NPs in combination with captopril led to an increase in Rq by 5.2–10.3 fold [46]. 
Modified PVC that contains benzaldehyde, ethylene diamine, and metal oxide NPs led to 
improvement in the Rq by 4.8–10.9 fold [45]. An additional synthetic step was required, 
however, to produce the modified polymer. The use of synthesized organotin complexes 
led to significant improvements in the Rq. The level of improvement in the Rq was found 
to be highly dependent on the type of organic moiety in the tin complexes [47–50]. 

 
Figure 10. AFM Images of (a): pure PVC and (b): PVC containing clotrimazole after irradiation. 
Figure 10. AFM Images of (a): pure PVC and (b): PVC containing clotrimazole after irradiation.

Polymers 2023, 15, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 11. AFM image of (a): PVC/L/Ti NPs, (b): PVC/L/Cu NPs, (c): PVC/L/Co NPs, (d): PVC/L/Cr 
NPs, and (e): PVC/L/Ni NPs after irradiation (300 h). 

3.4. Assessment of PVC Photodegradation by EDX Mapping 
The elemental composition of the non-irradiated PVC blends was analyzed by EDX 

(Figure 12). It showed all expected elements from the PVC, clotrimazole, and metal oxides 
present. In addition, EDX was used to examine the role played by metal oxide NPs as 
photostabilizers. Photodegradation leads to the elimination of HCl and therefore affects 
the chlorine contents in the PVC blends. Therefore, the chlorine content within the PVC 
blends was measured before and after irradiation. A low chlorine content indicates high 
C-Cl bond breaking and therefore a high level of PVC photodegradation. 

Figure 11. AFM image of (a): PVC/L/Ti NPs, (b): PVC/L/Cu NPs, (c): PVC/L/Co NPs,
(d): PVC/L/Cr NPs, and (e): PVC/L/Ni NPs after irradiation (300 h).



Polymers 2023, 15, 1632 13 of 17

3.4. Assessment of PVC Photodegradation by EDX Mapping

The elemental composition of the non-irradiated PVC blends was analyzed by EDX
(Figure 12). It showed all expected elements from the PVC, clotrimazole, and metal oxides
present. In addition, EDX was used to examine the role played by metal oxide NPs as
photostabilizers. Photodegradation leads to the elimination of HCl and therefore affects
the chlorine contents in the PVC blends. Therefore, the chlorine content within the PVC
blends was measured before and after irradiation. A low chlorine content indicates high
C-Cl bond breaking and therefore a high level of PVC photodegradation.
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Figure 12. EDX images of PVC films (a): pure PVC pre-irradiation, (b): pure PVC post-
irradiation, (c): PVC/L post-irradiation, (d): PVC/L/Ti NPs post-irradiation, (e): PVC/L/Cu NPs
post-irradiation, (f): PVC/L/Co NPs post-irradiation, (g) PVC/L/Cr NPs post-irradiation, and
(h): PVC/L/Ni NPs films post-irradiation.
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Following irradiation for 300 h, the percentage of chlorine was found to be lowest for
the pure PVC, followed by the blend with just clotrimazole. Blending with metal oxide
NPS without exception leads to a much higher chlorine content. The weight percentage
of the chlorine for the unirradiated PVC film was ca. 31.5%. The values after 300 h of
irradiation were 17.2, 27.2, 30.7, 29.6, 28.3, 30.3, and 31.0 for the PVC (pure), PVC/L,
PVC/L/Ti NPs, PVC/L/Cu NPs, PVC/L/Co NPs, PVC/L/Cr NPs, and PVC/L/Ni NPs
films, respectively. The results provide clear evidence for the efficiency of the metal oxide
NPs in reducing the rate of dehydrochlorination and therefore increasing the resistance of
PVC against photodegradation.

Clotrimazole and the metals contribute to stabilization in complementary ways. The
polarized bonds linked to the heteroatoms (nitrogen and chlorine) in clotrimazole can
coordinate with the polarized C–Cl bonds of the polymer [64]. In addition, the metal oxides
acting as basic centers bind to the HCl liberated on UV irradiation [14] producing metal
chlorides. The metal oxide NPs used in the current work are efficient UV absorbers and HCl
scavengers and therefore increase the resistance of the polymer toward photodegradation.

4. Conclusions

A combination of clotrimazole and five metal oxide nanomaterials were mixed in low
proportions with poly(vinyl chloride) and thin films were made to assess their abilities to
reduce polymeric chains photodegradation. The analysis of infrared spectra and weight
loss of the irradiated polymeric blends showed that photodegradation was reduced by
the presence of additives and particularly the one containing nickel oxide. Similarly, the
assessment of the surface of the irradiated films using different microscopy techniques
showed that the damage was much less in the presence of the additives compared with
pure poly(vinyl chloride). The additives enhance the photostability of poly(vinyl chloride)
by acting as scavengers for hydrochloride and decomposers of peroxides, produced during
the photodegradation process, due to the presence of highly basic metal oxides. In addition,
the additives act as ultraviolet absorbers since they contain clotrimazole which is aromatic
and has heteroatoms. The additives investigated have the advantage that no synthetic
steps are needed and no purification is required. A future study is needed to investigate
the role played by metal oxides as additives for poly(vinyl chloride) in the absence of any
aromatic compounds.

Author Contributions: Conceptualization: E.Y. and G.A.E.-H.; methodology E.Y. and G.A.E.-H.;
software: N.E., E.Y., B.M.K. and G.A.E.-H.; validation: N.E., E.Y., B.M.K. and G.A.E.-H.; formal
analysis: N.E., E.Y. and G.A.E.-H. investigation: N.E.; resources: E.Y. and G.A.E.-H.; data curation:
N.E., E.Y., B.M.K. and G.A.E.-H.; writing—original draft preparation: N.E., E.Y., B.M.K. and G.A.E.-H.;
writing—review and editing: N.E., E.Y., B.M.K. and G.A.E.-H.; project administration: E.Y.; funding
acquisition: G.A.E.-H. All authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by the Researchers Supporting Project (number RSP2023R404),
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Al-Nahrain University for technical support.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2023, 15, 1632 15 of 17

References
1. Lebreton, L.; Andrady, A. Future scenarios of global plastic waste generation and disposal. Palgrave Commun. 2019, 5, 6. [CrossRef]
2. Epps, T.H., III; Korley, L.T.J.; Yan, T.; Beers, K.L.; Burt, T.M. Sustainability of synthetic plastics: Considerations in materials

life-cycle management. JACS Au 2022, 2, 3–11. [CrossRef]
3. Lieberzeit, P.; Bekchanov, D.; Mukhamediev, M. Polyvinyl chloride modifications, properties, and applications: Review.

Polym. Adv. Technol. 2022, 33, 1809–1820. [CrossRef]
4. Jin, D.; Khanal, S.; Zhang, C.; Xu, S. Photodegradation of polybenzimidazole/polyvinyl chloride composites and polybenzimida-

zole: Density functional theory and experimental study. J. Appl. Polym. Sci. 2021, 138, 46693. [CrossRef]
5. Zhang, Y.; Yu, X.; Cheng, Z. Research on the application of synthetic polymer materials in contemporary public art. Polymers 2022,

14, 1208. [CrossRef]
6. Young, R.J.; Lovell, P.A. Introduction to Polymers, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2011; p. 76. [CrossRef]
7. Neuba, L.D.M.; Junio, R.F.P.; Ribeiro, M.P.; Souza, A.T.; Lima, E.D.S.; Filho, F.D.C.G.; Figueiredo, A.B.-H.D.S.; Braga, F.D.O.; De

Azevedo, A.R.G.; Monteiro, S.N. Promising mechanical, thermal, and ballistic properties of novel epoxy composites reinforced
with Cyperus malaccensis sedge fiber. Polymers 2020, 12, 1776. [CrossRef]

8. Zhang, M.; Song, W.; Tang, Y.; Xu, X.; Huang, Y.; Yu, D. Polymer-based nanofiber–nanoparticle hybrids and their medical
applications. Polymers 2022, 14, 351. [CrossRef]

9. Arantes, T.M.; Sala, R.L.; Leite, E.R.; Longo, E.; Camargo, E.R. Comparison of the nanoparticles performance in the photocatalytic
degradation of a styrene–butadiene rubber nanocomposite. Appl. Polym. Sci. 2013, 128, 2368–2374. [CrossRef]

10. Barrick, A.; Champeau, O.; Chatel, A.; Manier, N.; Northcott, G.; Tremblay, L.A. Plastic additives: Challenges in ecotox hazard
assessment. PeerJ. 2021, 9, e11300. [CrossRef]

11. Hahladakis, J.N.; Velis, C.A.; Weber, R.; Iacovidou, E.; Purnell, P. An overview of chemical additives present in plastics: Migration,
release, fate and environmental impact during their use, disposal and recycling. J. Hazard. Mater. 2018, 344, 179–199. [CrossRef]

12. Lu, T.; Solis-Ramos, E.; Yi, Y.; Kumosa, M. UV degradation model for polymers and polymer matrix composites.
Polym. Degrad. Stab. 2018, 154, 203–210. [CrossRef]

13. Liu, J.; Lv, Y.; Luo, Z.; Wang, H.; Wei, Z. Molecular chain model construction, thermo-stability, and thermo-oxidative degradation
mechanism of poly(vinyl chloride). RSC Adv. 2016, 6, 31898–31905. [CrossRef]

14. Folarin, O.M.; Sadiku, E.R. Thermal stabilizers for poly(vinyl chloride): A review. Int. J. Phys. Sci. 2011, 6, 4323–4330. [CrossRef]
15. Zheng, X.G.; Tang, L.H.; Zhang, N.; Gao, Q.H.; Zhang, C.F.; Zhu, Z.B. Dehydrochlorination of PVC materials at high temperature.

Energy Fuels 2003, 17, 896–900. [CrossRef]
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