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Chapter: iv 

 

Development, characterization and Potential 

perspective of poly (vinyl alcohol)/graphene 

oxide nanocomposite films 
 

 

4.1. Introduction  

Plastic packaging has been extensively utilized in the food sector for almost fifty years due 

to its functional, inexpensive, lightweight, and extremely versatile characteristics [1]. In 

response to growing environmental concerns related to the technologically advanced 

society, bio-based polymers have become a major focus of research in materials science 

[2]. Bioplastics have been used in many different types of commercial products, including 

disposable cutlery, medical devices, electronic equipment, and food packaging [3]. 

Researchers have focused to develop biodegradable polymers for packaging applications 

with efficient barrier, mechanical, optical, anti-microbial, and thermal properties to extend 

food product shelf life [4]. Thermoplastics account for the majority of plastics used in 

packaging applications because it can be economically formed into desired shapes, flexible 

in recycling, and can carry out packaging functions as well [5]. Polyolefins (high-density 

or low-density polypropylene, polyethylene, etc.), polyester, polystyrene, polycarbonates, 

vinyl polymers, nylon, etc. are the important constituent of thermoplastics in packaging [6]. 

Polyvinyl alcohol (PVA) is one of the few water-soluble vinyl polymer matrices that 

biodegrade with microorganisms and has also been accepted as generally recognized as a 

safe (GRAS) polymer by Food and Drug Administration-FDA for packaging [7, 8]. PVA-

based material has diverse applications in the packaging sector such as coating of different 

types of films, layers in reinforced composite, food supplements coating agents, membrane 

separation, cosmetics and pharmaceuticals, paper, and textile industry as well as in medical 

applications [9]. However, PVA polymer films have some drawbacks, including a low 

tensile strength (TS), a high degree of water solubility, and low light barrier properties [10].

 To overcome the limitations of neat PVA polymers, the addition of nanomaterials  
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into polymer chemistry has created a new avenue to improve the attributes of plastic 

materials [11]. Various nanostructured materials like silica, organoclay, clay, 

polysaccharide, carbon nanotube, graphene, nanocrystals, cellulose-based nanomaterials, 

metal and metal oxide nanomaterials such as Zn, Ti, colloidal Cu, Ag, Au, Zn, ZnO, TiO2, 

SiO2, MgO, etc. have been researched extensively as fillers in a wide range of packaging 

application [12]. However, nanotechnology has advanced significantly after the discovery 

of graphene and its derivatives due to its higher functional properties with polymer matrix 

[13]. For graphene and its functionalized derivatives like graphene oxide (GO), a stable 

aqueous colloidal dispersion and large interplanar space allow GO to exfoliate in polar 

solvent [14]. Typically, to achieve a notable improvement in the overall efficiency of 

graphene and its derivatives, higher interfacial bonding and homogenized dispersion of 

nanofillers with polymer matrix are necessary [15]. Dispersion of GO in polar protic/aprotic 

solvents with notable amounts of water-soluble organic molecules, like PVA would be a 

feasible approach towards the fabrication of particulate nanocomposite (NC) due to the 

existence of hydrogen attracting oxygen functional groups in GO [16]. Moreover, the 

mechanical properties of NC film experience a gradual deterioration as the concentration 

of GO increases, while a significant enhancement of mechanical properties was observed 

with a change in the molecular weight of the polymer [17].  

Thus, the present chapter is aimed to improve the properties of PVA films by adding 

GO nanofiller, as well as to investigate the effect of GO nanofiller concentrations on 

PVA/GO nanocomposite films. A comprehensive understanding of the experimental work 

was achieved by through discussion and validation of the findings with previous research, 

highlighting its potential applications in packaging. 

 

4.2 Experimental procedure 

4.2.1 Development of PVA and PVA/GO films  

The materials and reagents used for the development of films are discussed in detailed in 

Chapter 3, under the materials and methodology section 3.1. The development of films has 

been done via solution casting technique. Initially, 3 wt.% (3 g) of PVA has been dissolved 

in 100 ml of distilled water to develop a neat PVA solution. Thereafter, the solution was 

stirred in a magnetic stirrer for 3 h at 90 ℃ and 600 rpm for homogeneous mixing of PVA 

[18,19]. Different concentrations 0.1 wt.%-0.7 wt.% (0.1g to 0.7g) of GO nanofillers were 

added into the PVA solution and stirred continuously for 2 h for uniform dispersion of GO. 
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 As a plasticizer, 1% (v/v) glycerol (1 ml) was then added to the PVA/GO solution and 

stirred for 15 min. The solution was then sonicated for 30 min to ensure all the air bubbles 

present in the solution were completely removed. A 2% (v/v) CaCl2 (2ml) solution was 

poured onto the petri plates for effective crosslinking of the NC films [20]. After that, 50 

ml of the sonicated PVA/GO solution was poured onto the petri plates, and placed in a hot 

air oven at a temperature range between 45 ℃ to 50 ℃ for 24 h to 30 h. Finally, the dried 

films have been peeled off and kept in a desiccator to prevent moisture absorption. 

 

 
Figure 4.1. Schematic diagram showing the fabrication of nanocomposite film 

 

 
Figure 4.2 PVA-based films with varying concentrations of GO (A) Neat PVA (B) 

PVA+GO (0.1%) (C) PVA+GO (0.3%) (D) PVA+GO (0.5 %) (E) PVA+GO (0.7%) 
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Figure 4.1 shows the schematic steps for the fabrication of nanocomposite films by solvent 

casting method. Figure 4.2. shows different compositions of PVA and PVA/GO developed 

films. 

 

4.3 Results and discussion 

Different physical, chemical, mechanical, morphological, barrier, thermal, and water vapor 

 permeability antimicrobial and biodegradable properties of the films were discussed and 

validated with published research to understand the effect of GO nano-filler in PVA 

polymer. 

 

4.3.1 Determination of film’s thickness, tensile properties, and morphological study 

The thickness, TS, and elongation at break (EAB) of the developed films were evaluated 

and summarised in Table 4.1. It was found that the thickness of the developed films varied 

from 0.79 mm to 0.86 mm. The inclusion of solid nanoparticles in PVA films caused a 

marginal increment in the thickness of the NC films as compared to neat PVA film. This 

suggests that the addition of solid nanoparticles in the NC films had an impact on their 

physical properties. Moreover, the properties of the NC films were affected by various 

factors, such as the interactions between the polymer and nanofillers, the concentration of 

fillers, the morphology of the distribution, and the size and geometry of the fillers [21].  

Table 4.1 Thickness, and tensile properties of the developed films 

Films 
PVA 

wt.% 

   GO 

wt. % 
Film thickness 

(mm) 

Tensile Strength 

(MPa) 

Elongation at break 

(%) 

A 3 0 0.79±0.013a 1.40±0.023a 325.54±5.41a 

B 3 0.1 0.83±0.007b 1.43±0.008a 201.02±5.10b 

C 3 0.3 0.83±0.005b 1.51±0.039b 268.64±5.82c 

D 3 0.5 0.84±0.005b 1.73±0.017c 141.74±3.63d 

E 3 0.7 0.86±0.006c 1.99±0.024d 115.58±3.92e 

Data was expressed as Mean ± SD of triplicate assays. The corresponding column's letters 

(a-e) differ significantly (P ≤ 0.05).  

 

It was observed from Table 4.1 that the TS of the films was significantly enhanced from 

1.40±0.023 MPa to 1.99±0.024 MPa (P≤ 0.05) with the addition of GO. The improvement 

in TS was attributed to the homogenized dispersion and strong interfacial interaction, due 

to the formation of H-bonds between the polymer chain and GO surface. The addition of 

GO resulted in a uniform dispersion of the filler, which led to better load transfer and higher 
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TS compared to PVA film. The % EAB of the films ranged between 115.58% to 325.54%, 

as shown in Table 4.1. The EAB was increased significantly from 201.02% to 268.64% as 

the concentration of GO increased from 0.1 wt.% to 0.3 wt.%. However, it was decreased 

significantly with further addition of GO from 0.3 wt.% to 0.7 wt.%. This phenomenon is 

attributed to the inadequate dispersion of nanofillers within the polymer matrix when its 

concentration exceeds the optimal level. The resulting nanoparticle aggregation imparts 

brittleness to the nanocomposite film which subsequently lowers the %EAB. Thus, addition 

of GO in PVA resulted in the improvement of tensile properties, which is attributed to the 

strong interfacial interaction, optimum concentration and homogenized dispersion of the 

GO nanofiller. A similar trend of TS and % EAB was observed for PVA/GO film, in which 

the EAB was 211% at 0.08% GO concentration and concluded that the reduction in EAB 

was due to the film’s brittle nature after the intercalation of nanofillers [22]. 

For SEM micrographs 0.3 wt.% GO concentration PVA/GO film is considered 

because of improved EAB and WVP among the developed NC films The SEM micrograph 

in Figure 4.3 (a) revealed uniform dispersion of GO nanofillers in the PVA polymer, which 

resulted in fewer surface defects. 

 

   

(a) Before the tensile test     (b) After tensile test 

Figure 4.3 SEM image of PVA/GO at 0.3% of GO (a) before and (b) after the tensile test 

 

Figure 4.3 (b) SEM micrograph showed the formation of furrows on the surface of 

the film, which was due to the elongation effect of PVA/GO in the tensile direction. In 

addition, it was observed that the nanofillers reach their maximum length with the polymer 

matrix before the rupture of film. This confirmed that GO adheres strongly with PVA 
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polymer, which leads to an increase in the strength of the PVA/GO film under loading 

conditions. 

 

4.3.2 Film’s color, UV-Vis light absorbance, and opacity 

The color parameters of developed films were shown in Table 4.2. It was noticed that 

the color of the films varied significantly (P≤ 0.05) with the addition of GO. The measured 

values of L*, a*, and b* were ranged from 31.98 to 88.38, -0.48 to 2.91, and 2.2 to -1.53, 

respectively. It was observed that film ‘A’ showed the lightest tint among all the developed 

films. However, the lightness of the films diminished as the GO concentration enhanced 

from 0.1 wt.% to 0.7 wt.%. Film ‘E’ showed the lowest L* value as compared to film ‘A’. 

Similarly, film ‘A’ had a negative value of a* which refers to a slight greenish tint of PVA 

film. However, with the addition of GO, the value of a* was shifted towards the positive 

side. It was also seen that film ‘A’ and ‘B’ showed the positive value of b* which referred 

to the yellowish tint. From films ‘C’ to ‘E’, the value of b* was increased which relate to 

bluish color of the films. Thus, the results showed that incorporation of GO nanofiller 

significantly modifies the color of the films to darker side at higher concentrations. 

 

Table 4.2 Film’s color, and barrier properties 

Films Color Opacity %MRC WVP×10-5 

(g/m.hr. Pa) L* a* b* 

A 88.38± 

0.23a 

-0.48± 

0.02a 

2.2± 

0.030a 

0.30± 

0.004a 

79.33± 

0.27a 

8.16± 

0.08a 

B 42.65± 

0.63b 

0.89± 

0.02b 

1.59± 

0.050b 

0.84± 

0.016b 

80.08± 

0.06b 

7.25± 

0.09b 

C 36.11± 

0.44c 

1.79± 

0.04c 

-1.23± 

0.131c 

2.07± 

0.013c 

81.06± 

0.05c 

6.76± 

0.06c 

D 34.68± 

0.20d 

2.16± 

0.01d 

-1.46± 

0.006d 

2.79± 

0.005d 

81.74± 

0.23d 

6.69± 

0.08cd 

E 31.98± 

0.12e 

2.91± 

0.04e 

-1.53± 

0.025e 

3.21± 

0.034e 

82.06± 

0.06e 

6.88± 

0.04d 

Data was expressed as Mean ± SD of triplicate assays. The corresponding column's letters  

(a-e) differ significantly (P ≤ 0.05). 

 

For food packaging classifications, the light barrier property of packaging film is an 

important design feature for certain food packaging classifications, as exposure to light can 

cause food spoilage, oxidation, and degradation of nutrients. The UV-Vis absorption 

spectra shown in Figure 4.4 indicates the light absorption property of the films at various 

wavelengths. The absorption spectra showed that the developed films had a significant light 
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absorption in the UV wavelength range.  Among them, film ‘A’ had the least light 

absorption in the UV range. However, the absorbance was increased significantly from film 

 

Figure 4.4 UV-Vis light absorbance of PVA and PVA/GO films 

 

‘B’ to ‘E’, as the concentration of GO was increased. It was observed from the figure 4.4 

that a distinctive absorbance peak had appeared at a wavelength close to 300 nm which is 

due to the transition of C=O. The transparency of a film was determined by its opacity 

value where less transparency is related to higher opaque material. The opacity values of 

developed films were tabulated in Table 4.2. The opacity of the films varied significantly 

from 0.30 to 3.21 (P≤ 0.05). From film ‘B’ to ‘E’, the opacity was increased from 181.57% 

to 967.10% with respect to film ‘A’. The improved opacity indicates a better light barrier 

nature of PVA/GO films compared to neat PVA film. Similar results were reported for 

ZnO, and GO nanofiller in different polymer composites [23,24]. Thus, addition of GO 

nanofillers significantly improves the UV-light barrier capabilities of PVA film, 

eliminating its disadvantages in terms of barrier properties. 

 

4.3.3 Thermal analysis 

The DSC thermograms of PVA and PVA/GO nanocomposite films are shown in Figure 

4.5. The values of glass transition temperature (Tg), melting temperature (Tm), enthalpy of 

pure PVA crystal (ΔHm) and % crystallinity (%Xc) of the developed samples has been 

determined and summarised in Table 4.3. It was observed that the Tg of PVA was 
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Figure 4.5 DSC analysis of PVA and PVA/GO films 

 

approximately 72.03 ℃. However, with the incorporation of GO from 0.1 wt.%-0.7 wt.%, 

 a significant increment in Tg was seen. From the DSC result it was observed that the highest 

Tg was achieved at 0.3 wt.% GO, with a value of 95.62 °C. This finding revealed that 

addition of GO had a greater impact on the mobility of PVA chains. The oxygen-containing 

functional groups of GO formed strong H-bonds with the -OH groups of PVA chains, 

resulting in the obstruction of PVA chain movement which results in the increment of Tg 

[25]. The DSC endotherm curve of PVA film observed at 212 °C indicates the occurrence 

of melting. This was evidenced by the simultaneous softening and fusion of the polymer 

particles into more visually transparent mass. Similar to Tg, a significant increment in Tm 

was also observed with the addition of GO, as seen in Table 4.3. The Tm was increased from 

220.04 °C to 275.54 °C at 0.3 wt.% GO. The observed elevation in Tm can be attributed to 

the thermal insulating properties exhibited by the addition of nano fillers, that are uniformly 

distributed across the polymer chain. This phenomenon significantly influences the melting 

characteristics of the polymer NCs. However above 0.3 wt.% GO content, the Tm of the NC 

films was declined which could be attributed to two factors i.e. the quantity of nanofillers 

present and the level of dispersion achieved [26]. An excessive quantity of filler in polymer 

matrix results in inadequate dispersion within the matrix. Consequently, the filler particles 

agglomerate, leading to a reduction in the thermal properties [27]. From the DSC 

thermograms, the observed shape and area of the melting endotherm curve corresponds to 
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 the varying degrees of crystallinity detected in samples. 

 

Table 4.3 Thermal properties of PVA and PVA/GO films 

Sample Tg (℃) Tm (℃) ΔHm(J/g) %Xc 

A 72.03 220.04 26.65 17.08 

B 72.41 227.53 30.32 19.44 

C 95.62 275.54 50.28 32.23 

D 87.95 232.53 41.31 26.48 

E 84.70 235.03 38.34 24.56 

 

The crystallinity degree of the samples is tabulated in Table 4.3, where ΔH°m is the 

heat required for melting 100% crystalline PVA i.e. 156 (J/g) [26]. As seen in Table 4.3, 

the %Xc of PVA film is approximately 17.08%, which was further enhanced with the 

addition of GO. The %Xc was increased to 32.32% for 0.3 wt.% GO and thereafter decreases 

with further increment in GO concentration. The change in the %Xc may be attributed to 

the interaction between PVA and GO nanofiller in the amorphous phase, leading to a 

disruption in the crystal structure and thus reducing the enthalpy associated with the phase 

transition [28]. Similar observation of melting enthalpy of GO based nanocomposites has 

also been observed in earlier studies which validates that addition of GO improves the 

thermal stability of polymers [26]. 

The thermal degradation properties of the developed films were evaluated by 

thermogravimetric analysis (TGA). Figures 4.6 (a) and (b) depicts the TGA and DTG 

curves of the fabricated films up to 600 ℃. The TGA and DTG thermographs demonstrate 

the mass loss percentage and rate of mass loss over a given range of temperatures. From 

Figure 4.6(a), a three stages mass degradation of PVA polymer and its corresponding 

PVA/GO NC films were observed. It was seen that an initial 10% mass loss at a temperature 

range between 30 ℃ to 150 ℃ was due to the evaporation of moisture present in the 

polymer film structure [19]. The second and third stage mass loss was approximately 50%-

60% and 20%-30%, corresponding to the degradation of the adjacent and main chain of the 

PVA structure followed by the formation of polyene [29]. From Figure 4.6(a), it was 

observed that the onset temperature for second and third stage of mass degradation of 

PVA/GO film was approximately at 250 ℃ and 400 ℃ respectively. The degradation 

temperature of the NC films was significantly enhanced with the addition of GO. The sp2-

hybridized carbon structure and high specific surface area of GO forms H-bonds with PVA 

due to the presence of oxygen-containing functional groups on its surface. During 
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pyrolysis, the composite material undergoes thermal degradation resulting in the release of 

volatile products. However, due to the H-bonding between GO and PVA, a higher amount 

of heat is required to break the linkage, which slows down the degradation process of the 

volatile products. This leads to a reduction in pyrolysis and overall degradation of the 

material. Thus, PVA/GO NC materials provides improved thermal stability and reduced 

pyrolysis behaviour compared to pure PVA materials. 

 

 
(a) TGA     (b) DTG 

Figure 4.6 (a) TGA and (b) DTG thermographs of PVA and PVA/GO films 

 

The DTG plot evaluates the rate of mass loss in a given temperature range, and 

three-stage decomposition peaks were observed for all the developed films as shown in 

Figure 4.6(b). The first stage of decomposition occurred in a temperature range of 40 ℃-

150 ℃, and resulted in a mass loss of 5%-15%. The second stage of degradation, which 

accounted for approximately 50%-60% of the mass loss, occurred at an onset temperature 

of 250 °C. The final decomposition of the films occurred at a temperature above 400 °C, 

with a mass loss of approximately 25%-30%. The onset temperature for maximum mass 

loss of PVA/GO films was in the temperature range of 250 ℃–370 ℃, which was 12%–

15% higher than the onset temperature of neat PVA film. This confirmed that the addition 

of GO in PVA films enhanced their thermal stability, minimizing the dehydration reaction 

and mass loss during pyrolysis. The higher thermal stability of GO increases the onset 

temperature of the polymer, which leads to an increase resistance to heat exposure. A 

similar trend in the DTG plot was observed for PVA/GO films with 0.5 wt.% GO, where 
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the second stage degradation for 50% mass loss occurred in a temperature range between 

338 ℃-358 ℃, which validates the present work [30]. 

 

4.3.4 Moisture retention capacity, water vapor permeability, solubility and swelling   

The MRC and WVP play a vital role in preserving the quality and shelf life of packaged 

food in long term to control the migration of moisture from the films. MRC is the ability 

of a film to retain moisture and films with a high MRC are suitable for packaging 

applications [19]. The MRC of the developed films was ranged from 79.33% to 82.06% as 

seen in Figure 4.7. Film ‘A’ had the least MRC, whereas a significant increment in MRC 

was observed from film ‘B’ to ‘E’. The higher MRC of PVA/GO films was due to the 

hydrophilic nature of PVA, and GO which leads to the retention of water molecules within 

the matrix and allows them to establish a H-bond. This reduces the polymer chain mobility 

and diffusion of water molecules within the film. The reduction in crystallinity of PVA/GO 

films also shows high MRC due to the free amorphous region in the films [30]. As reported 

in previous studies, the recommended range of MRC for food packaging films is 78-95% 

[10]. This suggests that the MRC of developed PVA/GO film falls within the recommended 

range of food packaging applications and have the potential to retain moisture and prevent 

moisture loss, to preserve the quality and shelf life of the packaged food. 

 

 
Figure 4.7 MRC and WVP of PVA and PVA/GO films 
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The water resistant of a film and ability of a film to trap water molecules are 

determined by film’s solubility and swelling capability. It was observed that within 4-5 

hours the dissolution of films in water was observed. A similar observation was observed 

for PVA based films in which the films were completely dissolved in water [31]. 

The WVP is a crucial parameter in packaging because it directly impacts the food 

quality contained in it [30]. The WVP values of the films, presented in Figure 4.7, ranged 

from 8.16±0.08×10-5 to 6.88±0.04×10-5 (g/m.hr.Pa). A reduction in WVP by 11.15% to 

18.01% was observed for films ‘B’ to ‘D’ (0.1–0.5% GO) compared to film ‘A’. However, 

for film ‘E’, the WVP increased by 2.84% with further addition of GO. The increase in 

WVP is attributed to the agglomeration of nanofillers at higher loadings, which generate 

micro-voids and interfacial defects, offering easier diffusion pathways for water vapor, 

thereby lowering the barrier performance of the films. Conversely, at concentrations below 

the optimum level, uniform GO dispersion decreases the hydroxyl group availability and 

polymer chain mobility, while enhancing the tortuosity of diffusion pathways for water 

molecules, ultimately improving the barrier properties of the nanocomposite films. The 

results obtained in this work are consistent with earlier reports, and the values achieved 

showed an improvement over those reported in the literature. 

 

Table 4.4 Comparison table of previous literature with the present study 

Polymer Additives TS (Mpa) % EAB WVP×10-5 

(g/m.hr.Pa) 

Tg 

(℃) 

Refrences 

PHBV CNC/GO 26 13 8.28 78.9 [32] 

CS-PVP GO - - 0.81 65 [33] 

PVA Au 1.45 34.79 - - [34] 

PVA GO 1.51 96.97 - - [34] 

PVA GO (0.3%) 1.51 268.64 6.76 95.62 Present study 

 

4.3.5 FTIR analysis 

FTIR analysis was carried out to determine the structural characteristics as well as to 

recognize the presence of significant chemical groups and their bonding in a polymer 

matrix. The FTIR spectra of the developed films has been shown in Figure 4.8. It was 

observed that neat PVA films showed large absorption peak that extends between 3200 cm-

1 to 3700 cm-1 which is due to -OH symmetric stretching and vibration. The appearance in 
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the absorbance peak at 1033 cm-1, 1382 cm-1, 1466 cm-1, 1645 cm-1, 2927 cm-1 and 3431 

cm-1 corresponds to C-O stretch, C-H vibration, C-H bending of CH2, H-O-H deformation, 

-CH2 stretch and -OH stretching respectively [35]. 

The FTIR spectra of PVA/GO films showed a minimum effect on the structure of 

PVA. However, for a complicated polymer blend process with nanofillers, the 

configurations, and interactions like H-bonding predict the thermal, and electrical 

properties of polymer NCs. For PVA/GO NC film, the absorption peak of -OH stretching 

shifts to a lower wavenumber while adding GO in PVA. From figure 4.8, it can be observed 

that the absorbance peak has been reduced from 3422 cm-1 to 3403 cm-1, by the addition of 

GO from 0.1 wt.% to 0.7 wt.%. When GO is added to PVA, the H-bond in the -OH of the 

PVA dissociates and forms an additional H-bond with the functional group of GO 

containing oxygen which is thermodynamically more favourable. The increase in the 

concentration of GO nanofiller resulted in H-bond degradation in the -OH groups of the 

PVA polymer chain due to increase in conductivity, thus forming an additional H-bond 

with GO which is an important factor for characteristic intensification [36]. This shows that 

the introduction of GO in the PVA/GO NC polymer system has good interaction with PVA 

which therefore enhances the amorphousness and thermal stability of the NC films. 

 

 

Figure 4.8 FTIR analysis of PVA and PVA/GO films 

 

4.3.6 Antimicrobial properties 
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The antimicrobial property of packing material is an important feature that should be 

 considered in order to minimise the growth of microorganisms in food. An examination of 

the antibacterial activity of the films against gram-positive S. aureus and gram-negative E. 

coli bacteria was carried out based on the diameter of the inhibition zone. The antibacterial 

activity by disk diffusion method has been shown in figure 4.9. The inhibition zone 

diameter of the films is tabulated in Table 4.5. From figure 4.9 (a) and (b) it was observed 

that neat PVA film lacks antibacterial property with negative inhibition zones against both 

the bacteria. The NC films also exhibited no antibacterial effect against E. coli (gram-

negative bacteria) as shown in Figure 4.9(a). However, addition of GO fillers showed the 

antibacterial activity against S. aureus. From figure 4.9(b) and (c), it was observed that the 

inhibition zone diameter was enhanced from 9 mm to 10.8 mm as the concentration of GO 

was increased from 0.1%-0.7% (B to E). This revealed that the presence of GO showed 

prominent antibacterial agents that creates a spectrum of inactivity in diverse samples.  

 

   
(a) (b) (c) 

Figure 4.9 Antibacterial activity by disk diffusion method 

 

Table 4.5 Inhibition zone diameter (mm) 

Sample S. aureus (mm) E. coli (mm) 

A - - 

B 9.0±0.06 - 

C 9.8±0.32 - 

D 10.3±0.07 - 

E 10.8±0.02 - 

 

The reasons behind the inhibition of bacterial proliferation as mediated by GO 

nanoparticles are (i) physical interactions between GO fillers and bacteria cells through 

direct contact with the basal planes or sharp edges of the GO, (ii) generation of reactive 
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oxygen species (ROS) which induces the oxidative stress in bacteria, thereby damaging 

cellular components like proteins, lipids, and DNA, (iii) antibacterial adhesion property and 

ion release of GO fillers. Moreover, an exact mechanisms of bacterial growth inhibition by 

GO nanoparticles also vary depending on filler size, concentration, surface 

functionalization, and bacterial species [37,38,39]. Based on the analysis, it can be 

concluded that the developed PVA/GO films showed better antibacterial activity against S. 

aureus compared to neat PVA film when exposed to GO nanofillers. Similar findings were 

reported for PVA/GO/Ag nanocomposite films, which exhibited efficient antibacterial 

activity against S. aureus and E. coli despite the absence of inhibition zone around neat 

PVA film [37]. 

 

4.3.7 Biodegradation analysis 

4.3.7.1 Microbial 

The majority of microorganisms capable of decomposing PVA were discovered as aerobic 

bacteria from the genera Pseudomonas, Alcaligenes, and Bacillus. Pseudomonas species 

were the first bacteria to be found in soil samples that could use PVA as their only source 

of carbon [40]. Figure 4.10 depicts the biodegradability test on agar media using a modified 

ASTM G21-70 technique.  

Two different types of bacteria strain i.e. B. subtilis and P. putida were used in this 

experiment. At day 0, there was an absence of B. subtilis and P. putida microbial growth 

on the bioplastic sample and agar media. On the day1, both the bacteria strains began to 

grow and covers the bioplastic surface. The microbial growth became evident on the 

bioplastic sample as it continues to proliferate and covers the surface on day 3. Moreover, 

the media used in the context consists of only minerals and lacks any supplementary carbon 

source. Consequently, the microbial growth could be attributed to the degradation of 

bioplastic surfaces for utilizing it as a source of carbon. Various enzyme systems have been 

discovered that facilitate the degradation of PVA. Within these enzyme systems, the 

primary carbon-carbon bonds of PVA are initially cleaved due to dehydrogenase or oxidase 

enzymes. Subsequently, this cleavage is succeeded by the action of hydrolase or aldolase 

enzymes. The PVA dehydrogenase, responsible for the degradation of PVA, has mostly 

been identified in various strains of Pseudomonas bacteria [41]. A comparison study was 

performed on synthetic plastic, where no growth was observed on negative control. The 

synthetic plastic exhibited a lack of nutritional value for the bacterial growth, indicating 

that it exhibits significant resistance qualities against microorganisms. 
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Figure 4.10 Biodegradation test of (a) B. subtilis day 0 (b) day 3, full degradation of film 

observed (c) P. putida day 0 (d) day 3, full degradation of film (e and f) negative control 

(synthetic plastic) on day 3 

 

4.3.7.2 Soil burial  

The results of the biodegradability assessment, performed using a soil burial test, is presented 

in figure 4.11. Figure 4.12 provides visual documentation of the entire experiment performed and 

the films used. The test result demonstrates a positive correlation between burial duration 

and weight loss of the bioplastic, suggesting a proportional increase in biodegradation. On 

10th day after burial, PVA film exhibited a weight loss of approximately 8.42%. However, 

as compared to PVA films, the deterioration of PVA/GO based films was apparently in 

between 1.93 % to 8.66 % as seen in Figure 4.11. After 20th days, the weight reduction 

climbed to around 10.25% for PVA and 2.51 % to 10.67 % for PVA/GO films. During the 

degradation of PVA, the polymer chains were cleaved, resulting in a decrease in their 

molecular weight. The cleavage process initiated through enzymatic oxidation, specifically 
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targeting the hydroxyl and carbonyl groups present within the structure of PVA. As a result 

of the enzymatic processes, the PVA molecules became more sensitive to breakdown [42]. 

 

 

     Figure 4.11 Soil burial degradation rate 

 

 
Figure 4.12 Soil burial analysis of PVA and PVA/GO films (a, b) soil preparation (c) 

samples (3×3 cm) (d) 20th day sample degradation 
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After 20 days, it was observed that the average degradation rate of PVA/GO films 

was approximately 46.5% lower as compared to neat PVA film. This reduction in 

degradation rate can be attributed to the formation of strong H bond interactions of GO 

with the polymeric phase. These interactions increased the nanocomposite's overall 

stability. The result demonstrates effective dispersion of GO within the polymeric matrix 

and formation of strong intermolecular linkages between fillers and matrix which 

subsequently increase its mechanical properties [43]. A similar observation was noticed for 

PVA-based films which showed 27.50% reduction in mass degradation rate after 

incorporation of nanofillers [41]. These findings underscore the potential of PVA-based 

bioplastics, especially when modified with nanofillers like GO, as environmentally friendly 

alternatives to traditional plastics. Further research in this direction holds promise for 

addressing plastic pollution and advancing sustainable materials. 

 

4.4 Conclusions 

In the present study PVA based NC films were developed by incorporating GO at different 

concentrations (0.1%-0.7%). The effect of GO on essential properties of the hybrid films 

such as physiochemical, mechanical, barrier, optical, thermal, morphological, 

antimicrobial, and biodegradation properties was observed. Some important findings from 

the present research work are as follows: 

➢ The incorporation of GO nanoparticles into the PVA polymer resulted in a 

significant increase in the thickness of NC films. Among the fabricated films, a 

notable improvement in tensile strength and elongation at break was observed at a 

0.3% GO concentration. Additionally, SEM micrographs showed uniform 

dispersion of GO, minimal surface defects and reduced agglomeration in the 

PVA/GO NC film. 

➢ The light barrier properties of PVA/GO films showed higher absorbance at UV 

wavelength. The opacity of the PVA/GO films was increased while enhancing the 

GO concentration with respect to neat PVA. 

➢ DSC analysis revealed an increase in glass transition and melting temperatures, 

along with alterations in crystallinity. This was attributed to enhanced crosslinking 

between PVA and GO, demonstrating its potential for modifying the thermal 

properties of the developed nanocomposite films. TGA and DTG graphs also 

showed a significant enhancement in the decomposition temperature of PVA/GO 
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 films with minimum mass loss as compared to PVA film. 

➢ A significant reduction in WVP and adequate MRC of PVA/GO films was observed 

compared to PVA film showcasing its improved barrier properties.  

➢ FTIR spectra confirmed that incorporation of GO leads to strong H-bond within the 

polymer blend that significantly enhances the amorphousness and thermal stability 

of the NC films. 

➢ Antimicrobial analysis showed PVA/GO films had excellent antibacterial 

properties against S. aureus bacteria. However, there was no antibacterial activity 

observed for neat PVA and PVA/GO films for E. coli bacteria. 

➢ The degradation of PVA-based bioplastics was demonstrated using B. subtilis and 

P. putida bacterial strains. The microbial growth suggests that these 

microorganisms utilized the bioplastic as a carbon source, enabling its breakdown. 

This process helps achieve a balance between durability and environmental 

sustainability. 

➢ The soil burial test confirmed the biodegradability of PVA-based bioplastics, 

highlighting their potential as eco-friendly materials. Additionally, the study 

revealed that incorporating GO can impact the degradation behavior of the PVA 

polymer, potentially enhancing its durability and stability for specific applications. 

 In summary, the successful integration of GO in PVA polymer offers a promising avenue 

for industrial applications, especially in the packaging sector, where the combination of 

enhanced mechanical properties, moisture resistance, and antibacterial activity and 

biodegradability provides significant benefits. However, a thorough and thoughtful 

approach to industrial scale-up, quality control, and environmental considerations will be 

essential to realize the full potential of this innovative nanocomposite material. 
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