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Abstract
One of the few synthetic resins from petroleum-based sources that are biodegradable and can reduce the environmental 
pollution is polyvinyl alcohol (PVA). PVA film is non-toxic, transparent, and biocompatible in line with green ecologically 
friendly requirements. It is completely biodegradable and possesses good mechanical properties, chemical resistance, and 
gas barrier. PVA’s hydroxyl groups, however, decrease its mechanical and thermal properties and make it water-soluble, 
which limits its use. However, it is possible to control the water solubility or absorption by partially cross-linking the polymer 
chains. This work aims to enhance the mechanical properties while making an insoluble film through cross-linking with 
oxalic acid (OA). In the present investigation, PVA film was cross-linked with OA (with variable weight percentage (wt%) 
of OA) to limit its ability to absorb moisture. Tensile testing was utilized to evaluate the mechanical properties of the films, 
revealing their ultimate tensile strength, % elongation, and Young’s modulus. With increase in wt% of OA, % elongation of 
PVA-based films decreases, whereas maximum tensile strength was observed at 10 wt% of OA configuration. In comparison 
to neat PVA, the differential thermo-gravimetric analysis peak migrated towards the higher temperature side with an increase 
in the OA concentration. The peak value of tan δ curve also increased and shifted towards higher temperature side as the 
OA concentration increased. This concludes that prepared films have high damping coefficient and can absorb impact load. 
Finally, the films’ creep-recovery behaviour was also examined in detail. To represent the potential application of these films 
as packaging materials, anti-microbial tests were also conducted.
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1 Introduction

One of the most often utilized materials that make it easier 
for man-made production to develop is plastic film or coat-
ing materials [1–6]. Plastic film has developed quickly as 
a result of advances in science and technology [7, 8], but 
“white pollution” (solid waste produced from a non-biode-
gradable plastic) has also done considerable environmental 
damage. Despite having a wide range of uses and having 
good barrier properties, high mechanical properties, trans-
parency, and other qualities, general plastic film materials 
like polyethylene [9–11], polyvinyl chloride, polypropyl-
ene, and other petroleum-based materials generate a lot of 
waste and typically do not degrade on their own over time. 
The plastic film takes a very long time-even hundreds of 
years—to break down into simple, innocuous molecules 
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like  CO2 and  H2O, which causes significant environmental 
impact [12, 13]. A single vinyl polymer that bacteria can 
consume as a source of carbon and energy is polyvinyl alco-
hol (PVA) [14–22]. PVA can disintegrate by 75% in 46 days 
when subjected to bacterial and enzyme action [23–25], 
making it a type of biodegradable polymer material [26]. 
PVA is a water-soluble polymer having an extensive amount 
of hydroxyl groups in the side chain and a carbon chain as 
the backbone [27]. It is inexpensive to make and has good 
film-forming qualities using the environment friendly meth-
ods [28–30]. In keeping with the growth of green and envi-
ronmentally friendly requirements, PVA film is transparent, 
non-toxic, not hazardous [31], and biocompatible. It also has 
good mechanical qualities [32], is resistance to chemicals, 
and gas barriers, and can be entirely biodegradable [33–35]. 
The hydroxyl groups in PVA, however, increase its ability 
to absorb water and make it water-soluble, which reduces 
its mechanical and thermal qualities thereby restricting its 
use. By partially cross-linking the polymer chains, water 
absorption (WA) or water solubility can be managed [36].

To add hydrophobicity to PVA, a variety of modifica-
tion techniques, including etherification, esterification, 
ester exchange, grafting, copolymerization, and cross-
linking, may be used; the respective choice is made based 
on the intended purpose and the technique’s compatibility. 
The most popular method for modifying PVA is called the 
cross-linking, and it can be done with other polymers or 
with di- or tri-functional low-molecular weight organic or 
inorganic chemicals that can react with the hydroxyl groups 
of PVA [37]. Cross-linking improves the polymer’s water 
resistance and enhances its mechanical and thermal stabil-
ity, making it suitable for the biomedical applications as 
well as the magnetic-field-sensitive gels. PVA is an attractive 
material for producing pressure and potential driven mem-
branes due to its good chemical and thermal stability, and 
high water permeability. Cross-linking or curing through the 
hydroxyl groups is an essential technique for modifying the 
PVA domain [38, 39].

Oxalic acid (OA) can be derived from the biomass 
sources, making it a renewable and sustainable alternative to 
the traditional methods of production. Biomass, such as agri-
cultural wastes, wood chips, or even certain plant species, 
can serve as a starting material for the OA synthesis. One 
common approach involves the conversion of biomass into 
sugars, which can then undergo fermentation to produce the 
OA. The use of biomass as a feedstock for OA production 
offers several advantages that includes reducing dependence 
on fossil fuels, minimizing carbon emissions, and utilizing 
otherwise unused organic waste materials [40]. However, 
the main drawback of PVA-based films is their high water 
uptake or solubility in water. In order to overcome this issue, 
the present investigation focuses on the cross-linking of a 
biodegradable polymer, PVA. The main reason of solubility 

of PVA is due to the presence of hydroxyl group (-OH) 
that results in formation of hydrogen bonding in conjunc-
tion with water molecules [41]. Cross-linking of PVA is 
one of the measures to overcome this severe issue. Earlier, 
similar types of cross-linking were also proposed by many 
researchers such as Brick et al. (between PVA and citric 
acid) [42], Sonker et al. (between PVA and suberic and tere-
phthalic acid) [43], and Jain et al. (between PVA and HCl) 
[44]. There are two main advantages of cross-linking: (1) 
restriction in water solubility of films and (2) improvement 
in mechanical properties. To simulate the real-life condi-
tions, the creep-recovery behaviour of this cross-linked film 
has been investigated. Furthermore, the mechanical behav-
iour (at elevated temperatures) of the films is studied using 
the dynamic mechanical analysis (DMA) technique, which 
revealed an enhancement in the glass transition temperature 
value. To represent the potential application of these films 
in packaging materials, anti-microbial tests were conducted. 
This assessment aimed to evaluate the effectiveness of the 
film in inhibiting the growth of micro-organisms, thereby 
enhancing the film’s anti-microbial properties. Overall, the 
present study focuses on improving the thermo-mechanical 
properties of the film through the formation of cross-linked 
bonds. The study also examines the creep-recovery behav-
iour of the prepared films and demonstrates an improvement 
in the glass transition temperature. Additionally, anti-micro-
bial tests are conducted to showcase the film’s suitability 
for use as packaging materials with enhanced anti-microbial 
properties.

2  Materials and methods

2.1  Materials

PVA was purchased in powder form from the Thermo 
Fisher Scientific India Pvt Ltd. It had a molecular weight of 
2000–95000, pH value ranging from 5 to 8, having viscosity 
(4% aqueous solution at 20 °C) of 35–50 cP, and 87% degree 
of hydrolysis. OA [(COOH)2·2H2O] was purchased from the 
Central drug house (p) Ltd., New Delhi, India. It is colour-
less crystal, having 10% solubility in water and melting point 
101 °C. Casting of PVA and cross-linked samples were done 
at manually prepared mould of 13 cm × 8 cm × 2 cm from 
transparent polyester plastic sheet.

2.2  Fabrication of cross‑linked films

Neat PVA and PVA-based cross-linked films (having differ-
ent OA contents) were prepared by using the solvent casting 
method. The size of each sample was kept approximately 
13 cm × 8 cm. The fabrication process involves, firstly, 
100 mL distilled water was placed into 200-mL glass beaker 
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on hot plate magnetic stirrer at 80 °C and 300 RPM. Then 
5 mg of PVA was added to 100 mL distilled water in a glass 
beaker [45]. After complete solubility of PVA in distilled 
water, different weight percentages (wt%) of OA (2.5, 5, 7.5, 
10, 12.5, and 15%) with respect to PVA were added to the 
above solution. After that the mixture was further stirred at 
80 °C, until the solution came to 50 mL in the glass beaker. 
Then this solution is poured into a prepared mould and put 
into the oven for 40 h. Finally, the resulting dried films were 
peeled off from the mould, and weight of each film was 
measured to confirm the total evaporation of water. All the 
prepared films were kept in a close glass box containing 
calcium chloride at the bottom (without touching the films).

2.3  Water absorption test

To check solubility of the prepared film, WA test was con-
ducted. For this test, a rectangular strip of 30 mm × 10 mm 
was cut from all sample films. Firstly, all the films were kept 
in an oven for 180 min at 70 °C to remove the moister. The 
weight of each strip was taken as W1, and then the strip was 
dipped into 50 mL distilled water at room temperature for 
24 h. Then this sample strip surface was dried by a tissue 
paper, and the weight of this dried strip was measured as W2. 
The WA (in %) can be evaluated using Eq. 1:

2.4  Tensile test

Mechanical properties such as ultimate tensile strength, 
Young’s modulus, and percentage elongation of PVA-based 
films cross-linked with OA were determined using the uni-
versal testing machine (AMTSC-01521) equipped with 5-kN 
load cell. Test was conducted as per the ASTM D882-12 
standard [46]. Samples having a size of 10 mm in width 
and 60 mm in length were cut (having a gauge length of 
40 mm). Three samples of each film were taken and tested 
with a set strain rate of about 2 mm/min. The thickness of 
specimens was measured using a vernier calliper at three dif-
ferent places along the gauge length, and average was taken 
for the calculations purpose. Thickness of the samples was 
found to be in between 0.16 and 0.26 mm.

2.5  Thermo‑gravimetric analysis test

Thermal degradation behaviour of fabricated cross-linked 
films was performed through thermo-gravimetric analysis 
(TGA), as per the ASTM E1131 standard [47]. HITACHI, 
STA7300 machine was used to evaluate the thermal deg-
radation of samples. Each sample of about 8–10 mg was 

(1)WA(%) =
w
2
− w

1

w
1

× 100

placed in the platinum pan and then placed inside the fur-
nace. Analysis was conducted from 30 to 500 °C under the 
nitrogen flow maintained at 150–200 mL/min. Heating rate 
of about 10 °C/min was employed to conduct the analysis. 
Weight loss and rate of change of mass of samples over the 
above temperature range were measured during the analysis.

2.6  Dynamic mechanical analysis (DMA) 
and creep‑recovery behaviour tests

To determine the visco-elasticity response of PVA-based 
films, DMA was performed on DMA7100 HITACHI 
machine, under sinusoidal tensile mode as per the ASTM 
D5026 standard [48]. Sample size of 20 mm × 10 mm and 
temperature range from 25 to 180 °C with heating rate of 
2 °C/min were taken. Creep and recovery behaviour of the 
fabricated PVA-based film were performed under force-
control module in tensile mode. Effect of temperature was 
studied by maintaining constant stress (4 MPa) for 15 min 
and recovery behaviour was studied for 15 min after removal 
of stress. The effect of stress on creep behaviour was stud-
ied at three different stress values (2, 4, and 8 MPa) for the 
constant temperature of 20 °C.

2.7  Anti‑microbial test

The anti-microbial properties of PVA-based cross-linked 
films were measured through disk diffusion method [49]. 
Bacillus subtilis bacteria species were used in suspension 
form to perform anti-microbial test with bacterial concen-
tration ranging from  105 to  106 FU/mL. Circular sample of 
diameter 2 cm was placed on Petri dish with Mueller–Hinton 
agar (pH 7.4 at 23 °C) incubated with bacteria suspensions 
for 24 h. After incubation, the diameter of the inhibition 
zone was measured for each sample.

3  Results and discussion

3.1  Reaction scheme

To overcome the major disadvantage of PVA, i.e. complete 
solubility in water, cross-linking reaction was proposed, as 
shown in Fig. 1. In the present investigation, PVA is cross-
linked with OA to form ester bond. In proposed cross-
linking reaction, {-C–OH} bonds of main PVA chain react 
with {-C–OH} bonds of cross-linking agent (OA) to form 
ester bonds with removal of water  (H2O) molecules (Fig. 1). 
Majorly, two types of cross-linking bridge can form:

1. OA may react with –OH group of two different PVA 
chains that results in intermolecular cross-linking 
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bridge. This type of bonding also helps in improvement 
in the mechanical strength of cross-linked films.

2. OA may react with –OH group of same PVA chains 
result in intramolecular cross-linking bridge.

There is one more possibility of hanging polymer chain 
formation in which the OA may react with –OH group of 
single PVA chain.

3.2  Tensile test

Behaviour of PVA-based films cross-linked with OA under 
uni-directional tensile loading is represented in Fig. 2, 
and the corresponding tensile properties are presented in 
Table 1. Neat PVA possess an ultimate tensile strength 
(UTS) of 26.78 MPa with % elongation of about 11.8%. 
Maximum UTS is obtained at 10 wt% and 7.5 wt% OA, 
i.e. 100.8 MPa and 100.2 MPa (almost same) with 4.3% 

Fig. 1  Reaction scheme 
between PVA and oxalic acid

Fig. 2  Tensile stress–strain curves for cross-linked PVA films



Biomass Conversion and Biorefinery 

1 3

and 5.88% elongation, respectively. With further increase 
in OA content, there is slight decrement in the UTS values 
of cross-linked films. The influence of cross-linking agent 
(OA) results in a minimum of 185.13% increment in the 
UTS value of cross-linked films at 2.5 wt% of OA, and a 
maximum of 276.5% at 10 wt% OA when compared to neat 
PVA. The cross-linking reaction between PVA and OA 
results in the formation of intermolecular and intramolecular 
cross-linking between PVA chains (refer to Fig. 1). The main 
reason of increase in UTS of cross-linked films is formation 
of the intermolecular cross-linking between PVA chains. 
Similar observation was also observed in the work of Sonker 
et al. [43], in which PVA was cross-linked with terephthatic 
and suberic acids. In both the cases, tensile strength of cross-
linked films increased. Moreover, result also shows the OA 
cross-linked films were more brittle in nature as compared 
to the neat PVA; whereas, no such patterns were observed 
for the Young’s modulus. The % elongation also decreased 
monotonically with increase in the content of OA. This may 
be due to the decrement in the mobility of PVA chains due 
to cross-linked reaction [43]. Also, the intermolecular cross-
linking between PVA chains result in more compact struc-
ture by decreasing the free space between the main PVA 
chains. Therefore, the 10 wt% of OA configuration shows 
optimum mechanical properties. With increase in content of 
OA up to 10 wt%, UTS firstly increases and then decreases 
(with further enhance in the OA content), and similar obser-
vation was also observed in the research work of Rynkowska 
et al. [50]. This may be due to the enhanced intermolecular 
cross-linking bonds between the PVA chains, as compared 
to the intramolecular bonds (with increase in OA content).

3.3  Thermo‑gravimetric analysis test

Differential thermo-gravimetric analysis (DTGA) of PVA-
based films cross-linked with OA is shown in Fig. 3. DTGA 
curves show that the thermal degradation of PVA cross-
linked films occurs in two stages. Temperature ranges for 
these two stages are 250 to 400 °C and 410 to 475 °C. With 
increase in concentration of OA, the DTGA peak shifted 

towards the higher temperature side in comparison with 
neat PVA because thermal degradation of cross-linked PVA 
required higher amount of thermal energy. The breakdown 
required firstly the degradation of cross-linked bonds and 
then the main PVA chain. As the amount of oxalic acid 
increases, the cross-linked bonds increase that required 
higher amount of energy for thermal degradation.

First stage thermal degradation of PVA-based film hav-
ing 2.5 wt% of OA occurs from 251 to 390 °C, with maxi-
mum degradation point at 348 °C (at the rate of 607 μg/
mm); whereas, the second stage starts at 410 °C and ends 
at 469 °C with peak at 429 °C (at the rate of 453 μg/mm). 
In case of 5 wt% of OA film, first stage degradation occurs 
from 252 to 392 °C with maximum degradation point at 
352 °C (at the rate of 455 μg/mm); whereas, the second stage 
starts at 410 °C and ends at 470 °C with peak at 422 °C (at 
the rate of 356 μg/mm). For 7.5 wt% of OA cross-linked 
film, first stage degradation occurs from 282 to 395 °C with 
maximum degradation point at 363 °C (at the rate of 827 μg/
mm); whereas, the second stage starts at 410 °C and ends at 
471 °C with peak at 420 °C (at the rate of 420 μg/mm). In 

Table 1  Tensile strength, 
elongation, and Young’s 
modulus of PVA-based films 
cross-linked with oxalic acid

Sample designation Tensile strength (MPa) Elongation (%) Young’s 
modulus 
(GPa)

Neat PVA 27.51 ± 2.3 11.82 ± 1.3 1.18 ± 0.12
PVA2.5O 76.41 ± 6.4 7.10 ± 0.81 3.61 ± 0.37
PVA5O 87.25 ± 7.4 6.75 ± 0.57 5.04 ± 0.44
PVA7.5O 100.2 ± 9.3 5.87 ± 0.49 7.66 ± 0.67
PVA10O 100.8 ± 9.1 4.31 ± 0.35 4.24 ± 0.37
PVA12.5O 90 ± 7.2 3.12 ± 0.26 3.91 ± 0.32
PVA15O 93.95 ± 6.7 2.36 ± 0.15 4.89 ± 0.41

Fig. 3  DTGA curves for PVA-based films cross-linked with oxalic acid
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case of 10 wt% of OA cross-linked film, first stage degrada-
tion occurs from 256 to 410 °C with maximum degradation 
point at 369 °C (at the rate of 689 μg/mm); whereas, the 
second stage starts at 414 °C and ends at 470 °C with a 
peak at 431 °C (at the rate of 469 μg/mm). For PVA12.5O 
film, first stage degradation occurs from 287 to 410 °C with 
maximum degradation peak at 356 °C (at the rate of 486 μg/
mm); whereas, the second stage starts at 412 °C and ends at 
474 °C with peak at 425 °C (at the rate of 466 μg/mm). For 
the PVA15O film, first stage degradation occurs from 286 
to 411 °C with maximum degradation peak at 363 °C (at 
the rate of 456 μg/mm); whereas, the second stage starts at 
413 °C and ends at 470 °C with peak at 430 °C (at the rate 
of 291 μg/mm).

3.4  Dynamic mechanical analysis test

DMA thermo-grams for PVA-based films cross-linked OA 
at different wt% are represented in Figs. 4 and 5 (Fig. 4 rep-
resents storage modulus (log E’) vs temperature; whereas, 
Fig. 5 represents tan δ vs temperature thermos-grams). 
Results show that with increase in concentration of cross-
linking agent, the value of storage modulus increases, which 
conclude that the stiffness of cross-linked film increases as 
amount of cross-linked agent increases. Moreover, at higher 
temperature reason, the value of storage modulus is also high 
for cross-linked films above 2.5 wt% OA, which represent 
higher stability of cross-linked films at elevated temperature. 
These results supported the proposed reaction of formation 
of intermolecular and intramolecular bridge which results in 
overall improvement in stiffness of cross-linked films.

On the other end, the peak value of tan δ also increased 
and shifted towards higher temperature side as the concen-
tration of OA increased. Present results conclude that the 
prepared films have high damping coefficient and can absorb 

impact loads. Peak temperature of tan δ curve represents 
the glass transition temperature, where transition of film 
occurs from solid state to glassy/rubbery state. Our result 
showcases that shift of tan δ peak from 64 °C for 2.5 wt% 
to 76 °C for 15 wt% film. Note that higher glass transition 
temperature represents higher stability of cross-linked films 
at elevated temperature.

3.5  Creep‑recovery behaviour test

Creep-recovery behaviour of PVA-based films cross-linked 
with OA is shown in Fig. 6, and the burger model param-
eter calculated from the creep-recovery data is tabulated in 
Table 2. Creep-behaviour of film is mainly categorized into 
three stages: (1) elastic strain (ɛe), which is the instanta-
neous deformation of the cross-linked film under applied 
load and it is completely recoverable after removing load; 

Fig. 4  Storage modulus of PVA-based films cross-linked with oxalic 
acid

Fig. 5  Tan δ curves of PVA-based films cross-linked with oxalic acid

Fig. 6  Creep-recovery behaviour of PVA-based films cross-linked 
with oxalic acid
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(2) visco-elastic strain (ɛv), in this stage the film shows 
both elastic and viscous nature and deformation occurs 
time dependent, after removing load some deformation get 
recover which is also time dependent; and (3) viscous strain 
(ɛ∞), in this stage the film shows viscous nature and defor-
mation is not recoverable. In the present work, short-term 
creep-recovery behaviour of films is studied by applying 
constant stress to the sample directly for 15 min, and recov-
ery behaviour is studied for the next 15 min (after removal 
of stress). To characterize the creep data, Burgers model 
[51–53] is been used that consists of Maxwell and Kelvin-
Voigt element in series combination (refer to Eqs. 2 and 3).

where ∈ (t) is creep strain, E1 and E2 represent the Maxwell 
and Kelvin spring elastic modulus, and η1 and η2 represent 
the viscosities of Maxwell and Kelvin dashpots, respectively. 
Time required to generate 63.2% of deformation in Kelvin 
unit is known as the retardation time τ ( � =

�
K

E
K

 ). The value 
of aforementioned parameters has been calculated and pre-
sented in Table 2.

Burger parameter obtained from the creep-recovery 
behaviour is presented in Table 2. Result shows that with 
an increase in the cross-linking agent wt%, the Maxwell 
and Kelvin elastic constant increases. Similar behaviour is 
obtained for the Maxwell and Kelvin dashpot constant. Total 
reduction of creep strain at different wt% of OA, i.e. 2.5, 5. 
7.5, 10, 12.5, and 15 is 13%, 38%, 47%, 52%, 53%, and 54%, 
respectively. Therefore, aforementioned 10 wt% of OA creep 
strain reduction almost become constant and found to be 
optimum wt%. Similar types of observation are also obtained 
in tensile testing where maximum ultimate tensile strength 
is obtained at 10 wt% OA. Hence, cross-linking improves 
the creep performance of PVA-based films. Similar behav-
iour is observed during recovery of the cross-linked films. 
The improvement in creep performance may be related to 
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the restriction in the mobility of PVA backbone chain, due 
to formation of intermolecular cross-linking bridge, when 
OA may react with hydroxyl group of two different PVA, 
as shown in Fig. 1.

3.6  Anti‑microbial test

Anti-microbial behaviour of PVA-based films cross-linked 
with OA against the Bacillus subtilis bacteria is shown in 
Fig. 7. Result showcases that the cross-linked films hav-
ing a low content of OA do not show any inhibition zone 
against Bacillus subtilis bacteria, whereas with increase in 
concentration of OA inhibition zone increases. Maximum 
inhibition zone is shown by PVA films cross-linked with 
15 wt% content as shown in Table 3. Bacterial proliferation 
four step process [54]: (a) adhesion of cells on a material 
surface; (b) accumulation of cells; (c) biofilm formation; and 
(d) development and proliferation of microbes for another 
cycle. Out of these four steps, the first one is critical. Cross-
linking of PVA with OA results in unfavourable condition 
for Bacillus subtilis bacteria to be attached to the surface 
of films. Moreover, the referred study [55] also shows that 
OA act as an anti-microbial agent in the past. To add on, 
with increase in the content of oxalic acid, the glass tran-
sition temperature of film increases (as shown in Fig. 5). 
This implicates that the crystallinity of the cross-linked PVA 
increases. Literature also supports that the microbial activity 
decreases as the crystallinity increases [56].

4  Conclusions

In summary, this study demonstrates that OA can be suc-
cessfully utilized as a cross-linker for PVA. Cross-linking 
has two primary benefits: it restricts the water solubil-
ity of films and improves their mechanical properties. 
In this research work, {-C–OH} functional groups of 
the main PVA chain reacted with {-C–OH} functional 
groups of the cross-linking agent (OA) to form ester 
bonds, which results in the removal of water molecules. 
The impact of the cross-linking agent (OA) results in a 

Table 2  Influence of oxalic acid 
on burger model parameters for 
cross-linked films

Burgers model parameter E1
(GPa)

E2
(GPa)

η1
(GPa.min)

η2
(GPa.min)

τ
(min)

PVA 5 MPa 5.9 2.08 30.47 8.78 4.12
PVA2.5O 7.7 24.7 5.9 83.9 3.4
PVA5O 8.2 29.9 6.4 63.9 2.1
PVA7.5O 9.9 32.5 7.6 90.6 2.8
PVA10O 10.8 28.2 7.8 102.5 3.6
PVA12.5O 11.2 38.8 8.7 128.5 3.3
PVA15O 11.3 59.5 9.5 258.9 4.3
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185.13% minimum increase in UTS of cross-linked films 
at 2.5 wt% of OA and a maximum growth of 276.5% 
at 10 wt% OA, compared to neat PVA. DTGA curves 
show that thermal degradation of PVA cross-linked 
films occurs in two stages; and with an increase in the 
concentration of OA, DTGA peaks shifted towards the 
higher temperature side in comparison with neat PVA. 
The DMA results reported that the storage modulus 
increases with the increase in the concentration of the 
cross-linking agent. At higher temperatures, the value 

of storage modulus is also high for cross-linked films 
above 2.5 wt% OA, representing higher stability of anti-
microbial biodegradable cross-linked films at elevated 
temperatures. The peak value of tan δ is also increased 
and shifted towards the higher temperature side with an 
increase in the concentration of OA. Furthermore, anti-
microbial test results show that with increase in concen-
tration of OA, inhibition zone against Bacillus subtilis 
bacteria increased, indicating their potential use in the 
anti-microbial applications. Since PVA has potential uses 
in a number of scientific and technological fields, more 
research is required to determine the ideal concentration 
of OA to get the optimum outcomes. The quality of this 
anti-microbial biodegradable packaging film can also 
be improved by adding other filler elements, giving it a 
superior alternative to hazardous and damaging plastics. 
Finally, the results reported in this study will be helpful 
in accelerating the industrial applications of PVA.
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alization, methodology, writing, reviewing, and editing.

Fig. 7  Anti-microbial test samples of PVA-based cross-linked films

Table 3  Anti-microbial test results

Sample designation Inhibition 
zone (mm)

PVA2.5O 1 ± 0.1
PVA5O 2 ± 0.3
PVA7.5O 5 ± 0.8
PVA10O 7 ± 0.4
PVA12.5O 11 ± 0.3
PVA15O 14 ± 0.2
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