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Abstract: This study investigates the enhancement of poly(vinyl chloride) (PVC) properties through the incorporation 

of zinc oxide (ZnO) nanoparticles and chitosan to improve its resistance to UV-induced photodegradation. The nano-

composites were synthesized by blending ZnO and chitosan with PVC, followed by comprehensive characterization 

using X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), atomic force microscopy 

(AFM), and Fourier transform infrared (FTIR). XRD confirmed the crystalline structure of ZnO-chitosan nanoparticles 

with a crystal size of 25.38 nm, while FE-SEM analysis revealed an average grain size of 76.68 nm, indicating the 

successful formation of nanoscale materials. AFM demonstrated a significant reduction in surface roughness and pho-

todegradation in the nanocomposite films compared to pure PVC. FTIR analysis revealed lower photodegradation indi-

ces (IPO, ICO, IOH) in the nanocomposites across UV irradiation durations of 0, 50, 100, 150, 200, 250, and 300 h, 

indicating a delayed formation of carbonyl and hydroxyl groups. Weight loss and viscosity measurements further con-

firmed enhanced UV stability, attributed to the synergistic effect of ZnO's UV-shielding properties and chitosan's radical-

scavenging capabilities. These results highlight the potential of ZnO-chitosan nanocomposites to significantly extend 

the service life of PVC in harsh environments.
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Introduction

Poly(vinyl chloride) (PVC) is a widely used thermoplastic 

polymer valued for its versatility and cost-effectiveness. It is 

commonly employed in a variety of applications, including flex-

ible plastics, molded products, pipes, cables, siding, foils, and 

films. Despite its widespread use, PVC exhibits lower thermal 

stability compared to polymers such as polyethylene (C2H4)n, 

polypropylene (C3H6)n, and polystyrene (C8H8)n.
1-3 This thermal 

instability is primarily attributed to the presence of weak Car-

bon-Chlorine (C-Cl) and Carbon-Hydrogen (C-H) bonds, as 

well as defects within the polymer chains.4-6 PVC’s high chlorine 

content further contributes to its degradation through dehydro-

chlorination, leading to the formation of conjugated polyene 

structures when exposed to heat. Consequently, PVC becomes 

susceptible to degradation under thermal and UV stress, lim-
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iting its performance in high-temperature environments.7,8

Recent research has focused on improving the thermal sta-

bility of PVC by incorporating various additives and fillers to 

enhance its resistance to dehydrochlorination, increase its mechan-

ical properties, and extend its service life. These additives, par-

ticularly inorganic nanomaterials, play a crucial role in improving 

the thermal, mechanical, and chemical properties of PVC.5 

Among these, zinc oxide (ZnO) has been extensively studied 

due to its exceptional thermal stability, low dielectric constant, 

and desirable optical and antimicrobial properties.9-11 ZnO 

nanoparticles, with their high specific surface area and strong 

interfacial bonding with the polymer matrix, have shown prom-

ise in enhancing PVC’s overall stability and resistance to UV-

induced degradation.12

In addition to inorganic additives, biopolymeric materials 

such as chitosan have attracted significant attention as potential 

enhancers of PVC properties. Chitosan is a natural polysaccha-

ride derived from chitin, which is commonly found in the exo-

skeletons of crustaceans and the cell walls of fungi.13-15 Structurally, 

chitosan is composed of 2-amino-2-deoxy-β-D-glucose units 

linked by 1,4-glycosidic bonds.16 Due to its biocompatibility, 

biodegradability, and intrinsic antimicrobial properties, chitosan 

has been widely utilized in various biomedical and environmental 

applications,16 including drug delivery systems,12 wound dress-

ings, and packaging materials.17,18

Recent studies have explored the development of PVC nano-

composites incorporating both ZnO and chitosan to enhance 

the thermal, mechanical, and antimicrobial properties of the 

polymer.12 The combination of ZnO and chitosan is particu-

larly attractive for applications in medical and packaging fields, 

where improved stability and antimicrobial resistance are cru-

cial. This study aims to investigate the effect of ZnO and chi-

tosan-based additives on the photodegradation resistance and 

overall performance of PVC films, with a focus on extending 

the polymer’s lifespan and functionality in challenging envi-

ronments.

Experimental

Materials. Without further purification, all compounds were      

analytical reagent grades purchased from Sigma-Aldrich.

Synthesis of ZnO/Chitosan Nanoparticles. A nanocom-     

posite of chitosan and zinc oxide was synthesized. According 

to the previously conducted method,12 sodium hydroxide served 

as the oxidizing agent and sodium tripolyphosphate (STPP) 

served as the cross-linking agent. Typically, the reaction began 

at 25 ℃ by adding the basic reactants, where 35 mL of dis-     

tilled water was mixed with 1 gram of chitosan and 1.5 mmol 

Zn(NO3)2·6H2O. 2.5 mL of acetic acid was then added to the 

composition which was stirred at 500 rpm until a transparent 

and uniform viscose solution was produced. The mixture was 

then gradually dropped into a 400 mL aqueous solution con-

taining STPP (4 g) and NaOH (3.2 g), raising the pH of the 

mixture to 10. For approximately 3 h, the mixture is placed 

in a water bath at a temperature ranging from (40 to 80 ℃),     

The solution product was separated, washed several times with 

deionized water, precipitated, then dried at 60℃ for 7 h. The     

synthesis yielded approximately 85% of a white nanocompos-

ite complex.19

Modified Polymeric Film Synthesis. PVC (5 g) was dis-     

solved in 100 mL of tetrahydrofuran (THF) without and with 

the addition of the nanocomplex ZnO/chitosan (0.025 g) and 

stirred for 2 h at 25 ℃. The concentration of ZnO/chitosan was     

selected in order to balance UV stability, mechanical integrity, 

and ease of film casting. Dishes were prepared for casting 

solutions by repeatedly washing the dish used in the film cast-

ing process with THF and drying it for 48 h at 25 ℃. The cast-     

ing process is then carried out at 25 ℃, where the films are     

created by evaporation.20

Photodegradation Measuring Methods. The photodegra-    

dation of polyvinyl chloride (PVC) films was evaluated after 

exposure to radiation in the 250–380 nm range using a QUV 

accelerated weatherometer in the Polymer Research Unit. The 

high-temperature conditions simulated prolonged UV exposure 

to assess the effectiveness of the additives in enhancing PVC's 

photostability.

Photodegradation Measuring Methods: The stabilization    

efficiency of the additives was evaluated by comparing the weight 

loss percentages of photodegraded PVC films, both with and 

without additives, using eq. (1).21,22

Weight loss percentage = (1)

where W1 is the weight of the sample before irradiation and W2

is the weight of the sample after irradiation.

FTIR Spectra: Fourier transform infrared (FTIR) spectros-    

copy was used to monitor the degree of photodegradation in 

the PVC films. The spectra were collected using FTIR spec-

troscopy (JASCO-FT/IR-6X, 7800–350 cm-1, resolution: 0.25 

cm-1) in the Polymer Research Unit, with the degradation pro-

cess being tracked by observing changes in specific peak inten-

sities over time. Photodegradation indices were calculated by 

W1 W2–

W1

------------------ 100
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comparing the absorbance of peaks at 1631, 1724, and 3400 cm-1 to

a reference PVC peak, according to eq. (2).23,24

(2)

where Is is the degradation index for the studied groups, As is 

the absorbance of the investigated peak, and Ar is the absor-

bance of the reference peak.

Average Molecular Weight (Mw) by Viscosity: The aver-       

age molecular weight (Mw) of PVC films (40 μm thickness) was 

determined by dissolving the films in tetrahydrofuran (THF) at 

25 ℃. Films were either blank or contained 0.02 wt.% of the           

ZnO/chitosan complex and were exposed to UV light with an 

absorption intensity of 6.02×10-9 ein dm-3s-1. The molecular 

weight was calculated using the Mark-Houwink equation (eq. 

3).1,25

(3)

where K and  are constants dependent on the polymer-solvent 

system and temperature, whereas [η] represents intrinsic vis-

cosity, while = is the average molecular weight.

Results and discussion

XRD Analysis. The X-ray diffraction (XRD) pattern of the        

ZnO/chitosan nanostructures is presented in Figure 1. Strong 

and distinct diffraction peaks were observed at 2θ values of 

31.6o, 34.36o, and 36.39o, corresponding to the (100), (002), 

and (101) planes, respectively, which are characteristic of ZnO 

(JCPDS card no. 36-1451). These peaks confirm the crystalline

structure of ZnO in the composite. In addition to the ZnO peaks,

diffraction peaks at 2θ values of 13.30o, 23.68o, and 39.34o

were observed, corresponding to the (102), (022), and (112) planes, 

respectively. These peaks are attributed to the chitosan phase, 

as confirmed by the JCPDS card no. 39-1894 (6) (20) and sup-

ported by literature data. The crystallite size of the ZnO nanoparti-

cles within the chitosan matrix was estimated using the Debye-

Scherrer equation (eq. 4).

(4)

where D is crystallite size, k is shape factor (0.9), l is wave-

length of X-ray (0.1406 nm), β is full width at half maximum 

(FWHM), and θ is Bragg diffraction angle.

The average crystallite size of the ZnO nanostructures was 

found to be approximately 18.24 nm. This nanoscale size con-

tributes to the enhanced properties of the ZnO/chitosan com-

posite material.

FE-SEM Analysis. Field emission scanning electron micros-    

copy (FE-SEM) images were obtained using a Zeiss instrument

at the University of Tehran, Iran. Figure 2 shows the FE-SEM 

image of the ZnO/chitosan nanocomposite. The image reveals 

that the sample exhibited a spherical morphology with uniform 

particle distribution and minor aggregation. Agglomeration 

was attributed to crystal interactions, leading to the formation 

of agglomeration voids of varying sizes. The average grain size 

was measured using the FE-SEM image analysis tool and was 

found to be approximately 20.45 nm. This result aligns well with 

the particle size calculated from the XRD analysis, confirming 

the successful synthesis and preparation of the nanocomposite. 

AFM Analysis. Atomic force microscopy (AFM) was used    

to assess the surface morphology of both pure PVC and PVC 

Is
As

Ar

-----=

  K Mv 


=

Mv

D
k
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Figure 1. XRD pattern of ZnO/chitosan nanostructures.

Figure 2. FE-SEM image of the prepared ZnO/chitosan nanocom-

posite.
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incorporated with ZnO/chitosan nanoparticles after 300 h of 

UV irradiation. The AFM images reveal that pure PVC (Figure 

3(a)) exhibits significant surface roughening, with a root mean 

square roughness (Sq) of 6.9 nm and a peak-to-peak height 

(Sz) of 53.19 nm. These features indicate considerable degra-

dation due to photodegradation, characterized by chain scission 

and surface irregularities. In contrast, the ZnO/chitosan-incor-

porated PVC (Figure 3(b)) shows a more controlled surface 

morphology, with a slightly higher Sq of 7.39 nm but a 

smoother overall surface, as indicated by a peak-to-peak height 

(Sz) of 71.47 nm. The presence of ZnO nanoparticles, known 

for their UV-absorbing properties, effectively reduced the extent 

of surface degradation, as seen in the lower roughness and more 

uniform structure.

Additionally, the fractal dimension increased from 2.65 in 

pure PVC to 2.78 in the nanoparticle-incorporated PVC, indi-

cating a more complex and stable surface. These findings suggest 

that ZnO/chitosan nanoparticles enhance the photostability of 

PVC by mitigating UV-induced degradation and preserving 

surface integrity. The nanoparticles act as a UV shield, while chi-

tosan adds mechanical stability, preventing excessive rough-

ening.26,27

Modified Polymeric Film Characterization. Weight Loss     

Technique: The results indicate that ZnO/chitosan nanoparti-     

cles exhibit a photo-stabilizing effect on PVC samples, resulting

in a significant reduction in weight loss percentage compared 

to blank PVC, as shown in Figure 4.

FTIR Analysis According to Functional Groups’ Indices:     

The FTIR spectra of the films were recorded at a wavelength 

of 225 nm. Bands at 1772 cm-1 and 1724 cm-1 correspond to 

carbonyl groups, specifically from chloroketone and aliphatic 

ketone, respectively. The carbonyl absorption bands appear at 

1770 and 1724 cm-1, while polyene structures with various 

conjugated bonds were identified through reference absorption 

Figure 3. AFM surface morphology of (a) pure PVC; (b) ZnO/Chitosan nanoparticle-incorporated PVC after UV irradiation for 300 h.
 Polym. Korea, Vol. 49, No. 2, 2025
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energies at 1631 and 3400 cm-1. The OH band observed at 

3500 cm-1 is attributed to alcohol functionality, indicating that 

the modified polymers act as PVC stabilizers. Additionally, the 

1722 cm-1 peak corresponds to the aliphatic ketone, and the 

1602 cm-1 peak is associated with a conjugated double bond 

from the carbonyl group. The hydroxy group at 3500 cm-1, along 

with polyene, alcohol, and carbonyl groups, were analyzed to 

investigate the photodegradation process of PVC films in the 

presence of the nanocomplex.

The IPO value of PVC (calculated from irradiated polyvinyl 

chloride/CH-ZnO films) increased with irradiation time as 

illustrated in Figure 5(a), indicating that the additives function 

as optical stabilizers, reducing photocatalytic degradation. This 

was evidenced by the decrease in the ICO value, particularly 

when compared to pure PVC films, which suggests that ZnO 

acts as an effective UV absorber, reducing photodegradation 

by preventing the formation of free radicals. Simultaneously, 

chitosan contributes by scavenging existing free radicals, thus 

further limiting the degradation process. As the irradiation time 

increased from 0 to 300 minutes, the carbonyl (ICO) (Figure 5(b))

and hydroxyl (IOH) coefficients (Figure 5(c)) increased, though 

the complex additives exhibited better photostability than pure 

PVC. 

Molecular Weight (Mw) Variation of PVC Films during Pho-

tolysis: Figure 6. shows the variation in molecular weight (Mv) 

and viscosity of PVC films incorporating 0.02% w/v ZnO/chitosan 

nanoparticles as an additive. The results indicate that weak links 

in the polymer chains lead to a rapid decrease in molecular 

weight during photolysis. Pure PVC films experienced a more 

significant drop in molecular weight compared to PVC films 

modified with the additive, suggesting that ZnO/chitosan pro-

vides enhanced optical and polymeric stability. This stabilization 

Figure 4. Weight loss of PVC films with and without additive under 

photodegradation conditions.

Figure 5. Variation of (a) IPO; (b) ICO; (c) IOH indices as a function 

of irradiation time for PVC with and without additive.

Figure 6. Variation of viscosity average molecular weight (Mv) of 

PVC films with 0.02% w/v ZnO/chitosan as additives.
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effect prevents polymer degradation, particularly at the chain ends 

where free radicals could otherwise increase viscosity. The extent 

of degradation is closely tied to the irradiation time, with longer 

exposure accelerating chain breakage.

The data support the hypothesis that polymers can undergo 

photodegradation-induced chain scission. Crosslinking, evidenced 

by the presence of non-dissolving material, leads to increased 

chain scission rates and reduces molecular weight as polymer 

breakdown progresses. Hydrolyzed polymers show a more sig-

nificant molecular weight decrease due to chain scission com-

pared to unhydrolyzed polymers. The random breaking of weak 

links within the polymer chains during photolysis results in a 

rapid increase in radioactivity, highlighting the random degra-

dation process.26

The study tracked the viscous molecular weight ratio, poly-

mer chain scission rate, and the degradation of pure PVC films 

as well as those modified with the ZnO/chitosan complex. These 

modified films exhibited minimal sensitivity to light or heat, as 

the nanoadditives helped preserve the high melting points and low 

molecular loss (Mv) and weight loss ratio (%). The nanoadditives 

act as UV absorbers, peroxide scavengers, and radical suppres-

sors, capturing free radicals before they cause damage to the 

polymer matrix. This improved protection against photolysis is 

attributed to the better charge dispersion within the polymer 

facilitated by the nanoparticles, which increase the surface area 

for UV absorbance. This transition from the polymer's ground 

state to an excited energy state is described by Jablonski's dia-

gram.27

Conclusions

The present study successfully demonstrated the enhancement 

of PVC properties by incorporating ZnO nanoparticles and 

chitosan to form a nanocomposite with improved UV stability. 

Characterization techniques such as XRD, FE-SEM, and AFM 

confirmed the nanoscale nature of the ZnO-chitosan particles, 

with XRD and FE-SEM indicating crystal and grain sizes of 

25.38 nm and 76.68 nm, respectively. FTIR analysis highlighted 

the reduction in photodegradation of the PVC matrix due to the 

addition of ZnO and chitosan, as evidenced by lower photo-

degradation indices (IPO, ICO, IOH) across increasing UV irra-

diation times (0 to 300 h). The results revealed that the 

nanocomposite exhibited delayed formation of degradation 

products, thus enhancing its resistance to photo-oxidation. These

findings suggest that ZnO-chitosan nanocomposites have strong 

potential as optical stabilizers and can significantly extend the 

service life of PVC in various applications, particularly those 

exposed to harsh environmental conditions such as UV light.
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