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Abstract  
Various polyvinyl chloride thin films containing captopril and several metal (cobalt, copper, and nickel) oxide nanoparticles were 

produced. Low concentrations of both captopril (0.5% by weight) and metal oxides (0.01% by weight) were used to produce 

transparent films. The role played by both captopril and metal oxide nanoparticles as ultraviolet blockers for pho-todegradation of 

polyvinyl chloride was investigated. The addition of both metal oxides and captopril to polyvinyl chloride films enhances the 

stability of polymeric materials more than captopril alone. Observation of weight loss, changes in infrared spectra and surface 

morphology of blends on irradiation showed that a combination of captopril and nickel oxide nanopar-ticles efficiently blocks 

ultraviolet light and provides a high level of protection to polyvinyl chloride. 
 
Keywords  Polyvinyl chloride · Metal oxide nanoparticles · Ultraviolet irradiation · Weight loss · Roughness factor · 
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Introduction 
 
Plastics are versatile materials that are widely accessible and 

utilized in many applications. They are cheap to produce, 

strong, durable, can be molded in different shapes, and can be 

colored to be used for different purposes [1, 2]. Plastic is an 

excellent replacement for construction materials such as wood 

which is expensive, metals that are heavy and easily  
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corroded, and ceramics and glass which are easily break-able 

and costly. Polyvinyl chloride (PVC) is an adaptable 

thermoplastic with a wide range of uses. PVC has many 

advantageous properties, including resistance to weathering, 

electrical insulation, flame retardance, durability, thermal and 

acoustic isolation, low maintenance cost, and excel-lent 

aesthetic qualities [3]. It is used in the production of 

construction materials, electronics, medical products, auto-

mobile components, plastic cards, sports materials, office 

equipment, clothing, and packaging [4]. Due to its excel-lent 

properties, there is high demand for PVC and it is pro-duced 

on an industrial scale to meet a global requirement that 

increases year on year. The majority of PVC is used in the 

manufacture of tubes, cables, threads, and connections.  
Although PVC has many advantages with different appli-

cations, its high chlorine content is a problem since it leads to 

environmentally hazardous waste. In addition, undesirable 

physical and chemical changes take place in the PVC on 

exposure to high temperature and ultraviolet (UV) light with 

oxygen present in a humid environment leading to weather-

ing [5, 6]. The low thermal and photochemical stability of 

PVC promotes dehydrochlorination. The release of hydro-

chloric acid (HCl) forms polyenes and residues containing 

other functional groups (e.g., hydroxy and carbonyl) [7, 8]. 

 



  

 

The released HCl, other chlorinated organics, and toxic 

volatiles result in the corrosion of treatment systems during 

pyrolysis of PVC [ 9–11]. The dehydrochlorination process 

starts at thermally labile defect sites in polymeric materi-als. 

High levels of both HCl and polyene residues initiate the 

formation of polyenyl cation radicals bringing about an 

autocatalytic degradation process [12, 13]. The dehydrochlo-

rination process causes discoloration of the PVC as well as 

deterioration of mechanical and physical properties. Oxida-

tive reactions take place, in the presence of oxygen, leading to 

the cleavage of the chains and formation of small frag-ments 

which degrades the properties of the material [14–16].  
UV radiation represents a very small proportion of sun-

light but is the major cause of photodegradation of PVC and 

other polymeric materials. Photodegradation is irreversible 

and leads to permanent changes in the properties and per-

formance of the polymeric materials [17]. Improving the 

resistance of PVC to sunlight and reducing its photodegra-

dation, therefore, is vital for extending the useful lifetime of 

the polymeric material. Stabilizers are commonly mixed with 

polymers to offer adequate protection from light, par-ticularly 

UV irradiation [18 , 19 ]. The most commonly used PVC 

additives are phenolic and nonphenolic UV absorbers, 

phenolic antioxidants, plasticizers, metal chelates, pigments, 

and hindered amines [ 15, 20–22]. However, the health and 

safety risks associated with many conventional UV stabiliz-

ers need to be taken into consideration and hence the need to 

design and use new PVC stabilizers [23].  
Various organometallics including captopril tin com-plexes 

have been synthesized in our investigation and their potential 

use as photostabilizers for polymeric materials investigated 

[24–33 ]. In the current work, captopril (Fig. 1) has been 

tested as a PVC photostabilizer. A number of metal oxide 

nanoparticles (NPs) were also used along with cap-topril to 

investigate their effect on the photodegradation of PVC. The 

proposed additives do not require a synthetic step since they 

are a mix of captopril and NPs. 
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Fig. 1  Structure of captopril (ligand; L) 

 
 
Homestead, FL, USA). A Meiji Techno microscope (Tokyo, 

Japan) was used to record the optical images of the sample 

surfaces. An accelerating voltage of 15 kV at 25 °C was used 

to obtain the scanning electron microscopy (SEM) images on 

a SIGMA 500 VP microscope (ZEISS Microscopy, Jena, 

Germany). The atomic force microscopy (AFM) images were 

acquired on a Veeco instrument (Plainview, NY, USA). 

 

Fabrication of films 
 

PVC films were fabricated using the solvent-casting method. 

A mixture of PVC (5 g), captopril (25 mg), and metal oxide 

nanoparticles (Co, Cu, and Ni oxides; 0.5 mg) in tetrahydro-

furan (THF; 100 mL) was stirred for 1 h. The mixture was 

then sonicated for 30 min to remove any air bubbles and 

poured into a glass tray and the solvent allowed to evaporate 

at 25 °C for a day. The films were peeled off from the tray 

and kept at 25 °C in a vacuum oven for 6 h. 
 

Experimental 
 

General 
 

Captopril (98%), metal oxides nanoparticles (98–00%), and 

solvents were obtained from Merck (Gillingham, UK). The 

diameters of Co­3O4, CuO, and NiO NPs were found to be 

15, 56, and 31 nm, respectively [34]. PVC, with a polym-

erization degree of about 800 and average molecular weight 

of about 233,000 and was sourced from Petkim Petrokimya 

(Istanbul, Turkey). FTIR data were recorded on a FTIR 

8400 Shimadzu spectrophotometer (Shimadzu, Tokyo, 

Japan). Irradiation of the PVC films was at 25 °C using an 

accelerated weather-meter QUV tester (Q-Panel Company; 

 

PVC exposure to UV light 
 

The PVC films were exposed to UV light with an intensity 

of 6.0 × 10
−9

 ein.dm
−3

.S
−1

 at a λmax of 313 nm for 50–

300. The films were occasionally turned to ensure that the 

samples were exposed evenly to UV light. 
 
 

Results and discussion 
 

FTIR spectroscopy monitoring of photodegradation 

 

Several thin films (ca. 40 μm) of pure PVC and those con-

taining captopril (0.5% Wt%), and captopril and metal oxide 

 



  
 

NPs (Co3O4, CuO, and NiO; 0.01 wt%) were used. The low 

concentration of the captopril was based on our previous work 

[24–33]. In addition, the low concentration (0.01 wt%) of 

metal oxide NPs did not cause a change in the color of the 

PVC. The films were irradiated with UV light and FTIR 

spectroscopy was used to monitor the effect of the addi-tives 

on the photostability of PVC. Photooxidation leads to the 

formation of ketone, polyene, and alcohol-containing small 

fragments when PVC is irradiated in the presence of oxygen 

[35, 36]. Therefore, the increase in the intensity of peaks 

corresponding to C = C (alkenes; 1605 cm­
−1

) and C = O 

(ketones; 1725 cm­
−1

) was monitored for PVC films irradiated 

for different periods. The changes in the intensi-ties of the 

peaks were compared with that of a standard or a reference 

peak ­(CH2; 1330 cm
−1

) [37 ]. Figure 2 shows the increase in 

the intensity of the peaks corresponding to the  

 

C = C and C = O groups in the FTIR spectrum of pure 

PVC on irradiation.  
Equation (1) was used to calculate the functional group 

index (Is) for both C = O and C = C. The absorbances for C 

= O and C = C (As) and for ­CH2 (Ar) were used to 

calculate Is. IC=O and IC=C were calculated for different 

irradiation times in the 50 to 300 h range and the results are 

shown in Figs. 3 and 4, respectively. 
 

Is = As∕Ar (1) 

It is clear that both IC=O and IC=C are much higher for 

the unblended PVC films. All the additives used led to 

lower IC=O and IC=C values demonstrating their abilities to 

decrease the photodegradation of PVC. The use of captopril 

without metal oxide NPs also lead to some improvement in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2  FTIR spectra of pure PVC film a: before irradiation and b: after 300 h of UV irradiation 

 



       

  PVC      for different durations, the weight loss (%) was calculated 
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from the weight of films taken before ( W0) and after (W1)  PVC + L/Co NPs     
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PVC + L/Cu NPs     irradiation using Eq. (2) [7]. The weight losses (%) at differ- 
 

PVC + L/Ni NPs 
    

ent irradiation times are shown in Fig. 5. 
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Generally, the weight loss increased with irradiation         

 0.0       time. All the additives led to a reduction in weight loss in 

 0 50 100 150 200 250 300 comparison with the pure PVC film. The reduction in PVC 

   Irradia on me (h)   photodegradation is greatest for the blends containing metal 

        oxide NPs. The weight loss was highest for the pure PVC 
Fig. 3  The IC=O values of the PVC blends plotted as a function of film and lowest for the blend containing nickel oxide NPs. 

irradiation times      For example, the weight loss (%) after 300 h of irradiation 

        was 0.43, 0.34, 0.25, 0.29, and 0.13% for PVC, PVC/L, 

the photostability of PVC but the use of a combination of 
PVC/L/Co oxide, PVC/L/Cu oxide, and PVC/L/Ni oxide 

films, respectively. 
 

captopril and metal oxide NPs was more efficient. The PVC  
  

films containing captopril and nickel oxide NPs showed the Morphology study on UV irradiation  
lowest IC=O and IC=C followed by the ones including cobalt   

and copper oxides. For example, the IC=O at the end of the After UV irradiation, inspection of the surface of the film 
irradiation process was 0.97, 0.82, 0.57, 0.72, and 0.43 for 

using an optical microscope provides valuable information 
the films containing PVC, PVC/L, PVC/L/Co oxide, PVC/L/ 

about irregularities, cracks, dark spots, and chain-scission 
Cu oxide, and PVC/L/Ni oxide, respectively. Similarly, after 

[38]. The damage in the surface of the irradiated PVC film 
300 h of irradiation, the IC=C was 0.83, 0.68, 0.53, 0.60, is mainly due to dehydrochlorination [39]. The surface of 
and 0.42 for the blends containing PVC, PVC/L, PVC/L/Co 

the non-irradiated pure PVC is usually homogenous, smooth 
oxide, PVC/L/Cu oxide, and PVC/L/Ni oxide, respectively. and does not contain spots or cracks whereas the irradiated 
        

Weight loss on UV irradiation 
   surface shows cracks, spots, and irregularities [40]. The 
   microscopy images (400 × magnification) of pure PVC film         

Oxidative degradation of PVC is associated with weight 
as well as the irradiated (300 h) PVC blended with either 

captopril or captopril along with appropriate metal oxide 
loss because of the elimination of hydrogen chloride (HCl) 

NPs are shown in Fig. 6. The surface of the pure PVC film 
through a process of dehydrochlorination. This process leads 

was more seriously damaged on irradiation, as shown by the 
to bond cleavage and cross-linking with the formation of 

appearance of cracks, holes, dark spots and irregularities, 
polymeric fragments of small molecular weight [8]. As the 

compared with the film containing additives. 
 

degree of dehydrochlorination is proportional to the dura-  
  

tion of irradiation, the weight loss is expected to increase   

with irradiation time. For pure PVC and blends irradiated    
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Fig. 6  Microscopy images of a: non-irradiated pure PVC film, b: UV NPs, e: irradiated PVC film containing captopril and Cu oxide NPs, 

irradiated (300 h) pure PVC film, c: irradiated PVC film containing and f: irradiated PVC film containing captopril and Ni oxide NPs 

captopril, d: irradiated PVC film containing captopril and Co oxide  
 

 

The damage was also investigated using the SEM. The 

SEM technique provides clear images that show the presence 

of white spots and grooves and contain information about 

 

 

homogeneity of the surface, and particles size and shape [41]. 

The SEM images (Fig. 7) of the irradiated PVC con-taining 

additives showed irregularities in the surface, lumps, 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7  SEM images (70 k × magnification) of PVC blends containing a: captopril, b: captopril/Co oxide NPs c: captopril/Cu oxide NPs, and d:  
captopril/Ni oxide NPs blends after UV irradiation 

 

 

white spots, and grooves resulting from photodegradation. 

The size (30–282 nm) and the shape of particles varied with 

the type of additive used. The SEM images revealed the 

presence of irregular quasi-spherical nanoparticles. 

Additionally, it was observed that the metal oxides formed 

aggregates of several nanoparticles. The SEM images of 

the irradiated PVC films containing captopril and Ni oxide 

NPs at a lower magnification power are shown in Fig. 8.  
Another invaluable technique in the investigation of poly-

mer surfaces is AFM [42]. Figure 9 shows the two and three-

dimensional AFM images for PVC films after irradiation. The 

degree of the roughness and number of dark spots on the 

surface of the film was found to depend on the type of addi-

tive used. It has been reported that irradiated pure PVC film 

exhibits a high degree of roughness, irregularities, and dark 

spots compared with films containing additives [43]. The 

 

 

roughness factor (Rq) for the pure PVC film after 

irradiation was 238.0 which is very high when compared 

with values for blends containing additives. The Rq for the 

irradiated PVC blends containing, captopril, captopril/Co 

NPS, captopril/ Cu NPs, and captopril/Ni NPs were 46.2, 

26.2, 31.5, and 23. 2, respectively. The use of captopril and 

Ni oxide NPs led to a reduction in the roughness factor by 

10.3- fold. The reduction in the Rq for PVC films 

containing other additives is summarized in Table 1.  
The additives used in this study provided more protec-

tion for the PVC than the organotin complexes contain-ing 

captopril [27]. For example, the additive containing 

captopril and Ni oxide NPs improved the Rq by 10.3-fold 

compared with sevenfold for the diphenyl tin-captopril 

complex [27]. In addition, the diphenyl tin-captopril com-

plex requires synthetic and purification steps. Clearly, the 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8  SEM images of UV irradiated PVC film containing captopril and Ni oxide NPs at a: 3 k× magnification and b: 35 k × magnification 

 

 

use of a combination of captopril and metal oxide NPs has 

advantages over their organotin counterparts. The additive 

containing Ni oxide NPs showed better performance in sta-

bilizing PVC compared with many tin complexes [24–29]. 
 

 

 

Conversely, the tin complexes containing trimethoprim [30], 

ciprofloxacin [31], benzenesulfonamide [32], and 4-meth-

oxybenzoic acid [33] were more efficient in stabilizing PVC 

than the blends containing metal oxide NPs. However, it 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  AFM images of PVC blends containing a: captopril, b: captopril/Co oxide NPs c: captopril/Cu oxide NPs, and d: captopril/Ni oxide 

NPs blends after irradiation 

 



   

 
Table 1  The effect  of  various additives containing metals on the 

reduction of Rq (by fold) for PVC  
   

Additive Rq reduction (Fold) Reference 
   

Captopril and metal oxide NPs 5.2–10.3 [current work] 

Sn-naproxen complexes 3.5–5.2 [24] 

Sn-carvedilol complexes 1.7–6.4 [25] 

Triphenyl Sn-furosemide 6.6 [26] 

complex   

Triphenyl Sn-captopril complex 7.0 [27] 

Sn-valsartan complexes 4.0–7.4 [28] 

Sn-telmisartan complexes 2.2–9.4 [29] 

Sn-trimethoprim complexes 5.8–11.3 [30] 

Dimethyl Sn-ciprofloxacin 16.6 [31] 

complex   
Sn-4-(benzylideneamino)ben- 7.8–18.4 [32] 

zenesulfonamide complexes   
Sn-4-methoxybenzoic acid 11.8–21.2 [33] 

complexes   
   

 

 

should be noted that the metal oxide NPs have been used 

in very low concentration (0.01%) compared with the tin 

complexes (0.5%).  
Both captopril and metal oxide NPs led to the stabiliza-

tion of PVC blends on irradiation with UV light. The metals 

act as acidic sites and can scavenge the HCl released during 

PVC photodegradation with formation of metal chlorides 

[13]. The metals could also act as hydrogen peroxide and 

hydroperoxides decomposers and therefore reduce the pho-

tooxidation rate of PVC [44]. In addition, the metals and 

heteroatoms (O and S) within captopril can coordinate with 

the electronegative centers of the polarized C–Cl bonds in 

the PVC chains [45]. Moreover, captopril is aromatic and is 

capable of stabilizing the PVC chains through the direct 

absorption of the energy of UV irradiation [46, 47]. It is not 

clear why Ni oxide NPs were more efficient compared with 

the other additives in stabilizing PVC films and it is difficult 

to speculate without further experimental work. The use of 

NPs can improve the physical and mechanical properties of 

PVC. Recently, attention has been paid to the use of NPS in 

several industrial applications including the production of 

polymers [48]. 
 
 

Conclusions 
 

Thin films of polyvinyl chloride containing captopril and metal 

oxide nanoparticles were made to test the effect of these 

additives on the photostability of polyvinyl chloride. The 

additives were used in very low concentration to pro-duce 

homogenous, non-colored, and transparent polymeric films. 

The use of a combination of metal oxide nanoparticles and 

captopril was found to be more efficient in reducing the 

 

damages caused by irradiation compared with the use of 

cap-topril alone or in the case where no additive was used. 

The undesirable changes in the weight, infrared spectra, and 

the surface of the irradiated films were much less in the 

presence of captopril and nickel oxide nanoparticles. The 

additives used are better PVC photostabilizers than the tin 

complexes of captopril with the additional advantage that 

no synthetic and purification steps were required. 
 
Acknowledgements  We thank Al-Nahrain University for technical sup-

port. The research was supported by the Researchers Supporting Project 

number (RSP-2021/404), King Saud University, Riyadh, Saudi Arabia. 

 
Author contributions  Conceptualization and experimental design: 

Emaad T. B. Al ‐Tikrity, Dina S. Ahmed, Gamal A. El-Hiti, Anaheed A. 

Yaseen, and Emad Yousif; experimental work: Taiseer A. Saleh; data 

analysis: Taiseer A. Saleh, Dina S. Ahmed, Gamal A. El -Hiti, and Emad 

Yousif; writing—original draft preparation: Emaad T. B. Al‐Tikrity, Dina 

S. Ahmed, Gamal A. El-Hiti, Benson M. Kariuki, and Emad Yousif; 

writing—review and editing: Dina S. Ahmed, Gamal A. El-Hiti, Benson 

M. Kariuki, and Emad Yousif. All authors have read and agreed to the 

published version of the manuscript. 

 

Declarations  
 
Conflict of interest  The authors have no conflict of interest to declare. 

 

 

References 
 
\ 1.\ Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate 

of all plastics ever made. Sci Adv 3(7):e1700782. 

https://doi.org/ 10.1126/sciadv.1700782  
\ 2.\ Andrady AL, Neal MA (2009) Applications and societal benefits 

of plastics. Philos Trans R Soc Lond B Biol Sci 

364(1526):1977– 1984. https://doi.org/10.1098/rstb.2008.0304  
\ 3.\ Wilkes CE, Summers JW, Daniels CA, Berard MT (2005) PVC 

Handbook. Hanser, Munich, Germany, Volume, p 184 
\ 4.\ Jin D, Khanal S, Zhang C, Xu S (2021) Photodegradation of poly-

benzimidazole/polyvinyl chloride composites and polybenzimi-

dazole: Density functional theory and experimental study. J Appl 

Polym Sci 138(3):46693. https://doi.org/10.1002/app.49693  
\ 5.\ Lu T, Solis-Ramos E, Yi YB, Kumosa M (2017) Particle removal mecha-

nisms in synergistic aging of polymers and glass reinforced polymer 

composites under combined UV and water. Compos Sci Technol 

153:273–281. https://doi.org/10.1016/j.compscitech.2017.10.028 

\ 6.\ Ma Y, Liao S, Li Q, Guan Q, Jia P, Zhou Y (2019) Physical and 

chemical modifications of poly(vinyl chloride) materials to pre-

vent plasticizer migration–Still on the run. React Funct Polym 

147:104458. https://doi.org/10.1016/j.reactfunctpolym.2019. 

104458  
\ 7.\ Pospíšil J, Nešpurek S (2000) Photostabilization of coat-ings. 

Mechanisms and performance. Prog Polym Sci 25(9):1261– 

1335. https://doi.org/10.1016/S0079-6700(00)00029-0  
\ 8.\ Jafari AJ, Donaldson JD (2009) Determination of HCl and VOC 

emission from thermal degradation of PVC in the absence and 

presence of copper, copper(II) oxide and copper(II) chloride. J 

Chem 6:753835. https://doi.org/10.1155/2009/753835  
\ 9.\ Keane MA (2007) Catalytic conversion of waste plastics: Focus 

on waste PVC. J Chem Technol Biotechnol 82(9):787–795. 

https:// doi.org/10.1002/jctb.1757 

 

https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1098/rstb.2008.0304
https://doi.org/10.1002/app.49693
https://doi.org/10.1016/j.compscitech.2017.10.028
https://doi.org/10.1016/j.reactfunctpolym.2019.104458
https://doi.org/10.1016/j.reactfunctpolym.2019.104458
https://doi.org/10.1016/S0079-6700(00)00029-0
https://doi.org/10.1155/2009/753835
https://doi.org/10.1002/jctb.1757
https://doi.org/10.1002/jctb.1757


  
  

 
\10.\ Braun D (2004) Poly(vinyl chloride) on the way from the 19th 

century to the 21st century. J Polym Sci A Polym Chem 

42(3):578–586. https://doi.org/10.1002/pola.10906  
11\.\ Kameda T, Ono M, Grause G, Mizoguchi T, Yoshioka T (2008) 

Ball mill -assisted dechlorination of flexible and rigid poly(vinyl 

chloride) in NaOH/EG solution. Ind Eng Chem Res 

47(22):8619– 8624. https://doi.org/10.1021/ie8006819  
\12.\ Starnes WH, Ge X (2004) Mechanism of autocatalysis in the ther-

mal dehydrochlorination of poly(vinyl chloride). Macromolecules 

37(2):352–359. https://doi.org/10.1021/ma0352835  
\13.\ Folarin OM, Sadiku ER (2011) Thermal stabilizers for 

poly(vinyl chloride): A review. Int J Phys Sci 6(18):4323–4330. 

https://doi. org/10.5897/IJPS11.654  
14\.\ Das P, Roy A, Chakrabarti S (2017) Photocatalytic degradation 

of the nanocomposite film comprising polyvinyl chloride (PVC) 

and sonochemically synthesized iron-doped zinc oxide: A com-

parative study of performances between sunlight and UV radia-

tion. J Polym Environ 25:1231–1241. https://doi.org/10.1007/ 

s10924-016-0894-0  
15\.\ Yu J, Sun L, Ma C, Qiao Y, Yao H (2016) Thermal degradation 

of PVC: A review. Waste Manag 48:300–314. https://doi.org/10. 

1016/j.wasman.2015.11.041  
\16.\ Chakrabarti S, Chaudhuri B, Bhattacharjee S, Das P, Dutta BK 

(2008) Degradation mechanism and kinetic model for photocata-

lytic oxidation of PVC–ZnO composite film in presence of a sen-

sitizing dye and UV radiation. J Hazard Mater 154(1–3):230–

236. https://doi.org/10.1016/j.jhazmat.2007.10.015  
\17.\ Mohamed RR (2015) Photostabilization of polymers. In Palsule 

S (ed) Polymers and polymeric composites: A reference series, 

Springer, Berlin, Heidelberg, pp 1–10. https://doi.org/10.1007/ 

978-3-642-37179-0_74-1  
1\8.\ El-Hiti GA, Ahmed DS, Yousif E, Al-Khazrajy OSA, Abdallh 

M, Alanazi SA (2022) Modifications of polymers through the 

addi-tion of ultraviolet absorbers to reduce the aging effect of 

acceler-ated and natural irradiation. Polymers 14(1):20. 

https://doi.org/ 10.3390/polym14010020  
1\9.\ Ahmed DS, Mohammed A, Husain AA, El -Hiti GA, Kadhom M, 

Kariuki BM, Yousif E (2022) Fabrication of highly photostable 

polystyrene films embedded with organometallic complexes. Poly-

mers 14(5):1024. https://doi.org/10.3390/polym14051024  
\20.\ Chen C, Chen L, Yao Y, Artigas F, Huang Q, Zhang W (2019) 

Organotin release from polyvinyl chloride microplastics and 

concurrent photodegradation in water: Impacts from salinity, dis-

solved organic matter, and light exposure. Environ Sci Technol 

53(18):10741–10752. https://doi.org/10.1021/acs.est.9b03428  
\21.\ Crawford CB, Quinn B (2017) 6–The interactions of 

microplastics and chemical pollutants. Microplastic pollutants. 

Elsevier, Oxford, UK, pp 131–157  
\22.\ Kumar AP, Depan D, Tomer NS, Singh RP (2009) Nanoscale 

particles for polymer degradation and stabilization–Trends and 

future perspectives. Prog Polym Sci 34(6):479–515. https://doi. 

org/10.1016/j.progpolymsci.2009.01.002  
2\3.\ Tipton DA, Lewis JW (2008) Effects of a hindered amine light 

stabilizer and a UV light absorber used in maxillofacial elastomers 

on human gingival epithelial cells and fibroblasts. J Prosthet Dent 

100(3):220–231. https://doi.org/10.1016/S0022-3913(08)60182-1  
2\4.\ Hadi AG, Yousif E, El -Hiti GA, Ahmed DS, Jawad K, Alotaibi 

MH, Hashim H (2019) Long -term effect of ultraviolet 

irradiation on poly(vinyl chloride) films containing naproxen 

diorganotin(IV) complexes. Molecules 24(13):2396. 

https://doi.org/10.3390/ molecules24132396  
\25.\ Mousa OG, El-Hiti GA, Baashen MA, Bufaroosha M, Ahmed A, 

Ahmed AA, Ahmed DS, Yousif E (2021) Synthesis of 

carvedilol-organotin complexes and their effects on reducing 

photodegrada-tion of poly(vinyl chloride). Polymers 13(4):500. 

https://doi.org/ 10.3390/polym13040500 

 
26\.\ Ali MM, El-Hiti GA, Yousif E (2016) Photostabilizing effi-

ciency of poly(vinyl chloride) in the presence of organotin(IV) 

complexes as photostabilizers. Molecules 21(9):1151. https:// 

doi.org/10.3390/molecules21091151  
2\7.\ Majeed A, Yousif E, El-Hiti GA, Alotaibi MH, Ahmed DS, 

Ahmed AA (2020) Stabilization of PVC containing captopril tin 

complexes against degradation upon exposure to ultraviolet 

light. J Vinyl Addit Techn 26(4):601–612. https://doi.org/10. 

1002/vnl.21774  
\28.\ Mohammed A, El-Hiti GA, Yousif E, Ahmed AA, Ahmed DS, 

Alotaibi MH (2020) Protection of poly(vinyl chloride) films 

against photodegradation using various valsartan tin complexes. 

Polymers 12(4):969. https://doi.org/10.3390/polym12040969  
29\.\ Hadi AG, Jawad K, El-Hiti GA, Alotaibi MH, Ahmed AA, Ahmed 

DS, Yousif E (2019) Photostabilization of poly(vinyl chloride) by 

organotin(IV) compounds against photodegradation. Molecules 

24(19):3557. https://doi.org/10.3390/molecules24193557  
\30.\ Yaseen AA, Yousif E, Al-Tikrity ETB, El-Hiti GA, Kariuki 

BM, Ahmed DS, Bufaroosha M (2021) FTIR, weight, and 

surface mor-phology of poly(vinyl chloride) doped with tin 

complexes contain-ing aromatic and heterocyclic moieties. 

Polymers 13(19):3264. https://doi.org/10.3390/polym13193264  
\31.\ Ghazi D, El- Hiti GA, Yousif E, Ahmed DS, Alotaibi MH (2018) 

The effect of ultraviolet irradiation on the physicochemical prop-

erties of poly(vinyl chloride) films containing organotin(IV) com-

plexes as photostabilizers. Molecules 23(2):254. https://doi.org/ 

10.3390/molecules23020254  
3\2.\ Ghani H, Yousif E, Ahmed DS, Kariuki BM, El-Hiti GA (2021) Tin 

complexes of 4-(benzylideneamino)benzenesulfonamide: Synthesis, 

structure elucidation and their efficiency as PVC photostabilizers. 

Polymers 13(15):2434. https://doi.org/10.3390/polym13152434  
33\.\ Hadi AG, Baqir SJ, Ahmed DS, El-Hiti GA, Hashim H, Ahmed 

A, Kariuki BM, Yousif E (2021) Substituted organotin 

complexes of 4-methoxybenzoic acid for reduction of poly(vinyl 

chloride) photodegradation. Polymers 13(22):3946. 

https://doi.org/10.3390/ polym13223946  
34\.\ Omer RM, Yousif E, Al-Tikrity ETB, Ahmed DS, Ali AA, Abed 

RN (2021) A detailed examination of UV radiation effects on the 

structural and morphological properties of polyvinyl butyral 

films containing different nanoparticles. Prog Color Colorants 

Coat 14(3):209–219. https://doi.org/10.30509/PCCC.2021.81718  
3\5.\ Gardette JL, Gaumet S, Lemaire J (1989) Photooxidation of 

poly(vinyl chloride). 1. A re-examination of the mechanism. 

Macromolecules 22(6):2576–2581. https://doi.org/10.1021/ 

ma00196a005  
\36.\ Bacaloglu R, Fisch M (1995) Degradation and stabilization of 

poly (vinyl chloride). V. Reaction mechanism of poly (vinyl 

chlo-ride) degradation. Polym Degrad Stab 47(1):33–57. 

https://doi. org/10.1016/0141-3910(94)00086-N  
\37.\ Gaumet S, Gardette J-L (1991) Photo -oxidation of poly(vinyl 

chloride): Part 2—A comparative study of the carbonylated prod-ucts 

in photo-chemical and thermal oxidations. Polym Degrad Stab 

33(1):17–34. https://doi.org/10.1016/0141-3910(91)90027-O \38.\ 

Awaja F, Zhang S, Tripathi M, Nikiforov A, Pugno N (2016) Cracks, 

microcracks and fracture in polymer structures: Forma-tion, 

detection, autonomic repair. Prog Mater Sci 83:536–573.  
https://doi.org/10.1016/j.pmatsci.2016.07.007  
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