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Abstract
Polyvinyl alcohol/Starch/Carboxymethyl cellulose (PSC) composite films were synthesized by solvent casting method 
using glycerol as plasticizer and citric acid as cross linking agent. The effect of different loadings of carboxymethyl cel-
lulose (CMC) on thermal and tensile properties of PVA/Starch (PS) composites was investigated. The increasing concen-
tration of CMC enhanced the thermal stability of PS composite films. PSC film at an optimum level of CMC showed the 
maximum tensile strength (36.56 ± 1.54 MPa) and was further chosen to analyze the effect of walnut shell flour (WSF) 
addition. PSC films reinforced with different amounts of WSF were analyzed by thermogravimetric analysis, UV absorp-
tion spectra, tensile testing, water absorption study and soil burial degradability test. The reinforcement of WSF showed 
a remarkable improvement in thermal stability and water resistant property of the films. Addition of WSF in PSC films 
reduced the degradability of films, with maximum percentage of weight loss obtained with 2% loading. Further, the 
tensile strength was found to be improved up to 6% level (41.09 ± 0.71 MPa). ANOVA of the tensile data recognized the 
considerable differences between the mean tensile strength from one composition to another (p < 0.05).
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1 Introduction

Biodegradable polymeric materials are commendable 
solution to the menace of solid waste resulting from 
synthetic polymers [1, 2]. These synthetic polymers are 
needed to be replaced by environmentally friendly poly-
meric materials classified into degradable synthetic and 
renewable natural polymers [3]. Among these, starch (S) 
has been used as the most favourable material due to its 
low price and biodegradable nature [4]. The films com-
pletely composed of starch are however rigid, hydrophilic 
and lacking in strength [5–7]. The possible way to mitigate 
this problem is by incorporating starch with a stronger 
support base. Among the existing synthesized polymers, 
Poly (vinyl alcohol) (PVA) possesses many useful proper-
ties such as biodegradability and mechanical strength [8, 
9]. Addition of PVA undoubtedly improves the strength, 
flexibility and is one of the best options to blend with 

starch in terms of biodegradability [10–12]. Due to high 
hydrophilic nature and poor compatibility [13] between 
starch and PVA; these PS films has some constraints. Fur-
ther, these PS films do not show significant mechanical 
properties and lacks in water resistance [14]. Addition of 
plasticizers such as glycerol, sorbitol or ethylene glycol can 
be the solution to improve its flexibility, but decreases the 
tensile strength. To improve its tensile properties addition 
of some non toxic additives/cross linking agents such as 
citric acid (CA) [15], boric acid [16] and glutaraldehyde [17] 
etc. have been employed. Citric acid with mono hydroxyl 
and three carboxyl groups is a natural organic acid which 
makes its use as cross linking agent. Due to its multi car-
boxylic structure esterification reaction could take place 
between the carboxyl groups of CA and hydroxyl groups 
of PVA and/or starch. The PS films were synthesized by 
solvent casting method in the presence of glycerol and 
citric acid [14]. Blending [18] or laminating [19] with other 
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polysaccharide materials is helpful in improving the overall 
product quality. Cellulose based compounds are widely 
used for improving the overall quality of the composite 
films. Carboxy methyl cellulose (CMC) having high viscos-
ity and non toxicity can be a better option for providing 
stability to the PS films [20] and also providing biodeg-
radability [21]. Corn starch based films were synthesized 
using citric acid and CMC [22]. The use of lignocellulosic 
materials as reinforcement has also increased because 
of their great affinity. M. Guimarels [23] has synthesized 
PS based nanocomposites reinforced with bamboo fib-
ers. The use of natural fibers such as bamboo, jute, coir 
fiber and some nutshell such as coconut shell, walnut 
shell, almond shell powders as reinforcement is preferred 
because of their easy availability and biodegradability 
[24–26]. Walnut shell constitutes 67% of total weight of 
nut and around 1.5 million tons of walnut shell is discarded 
every year [27]. This huge amount of waste has no indus-
trial usage and generally left behind or burned in stove 
during winter which creates environmental issues. Walnut 
shell being a lignocellulosic agricultural waste offers nota-
ble advantages for polymer composites to make its use 
as reinforcing filler. Walnut shell flour (WSF) is preferred 
also due to the lower amounts of hygroscopic (cellulose 
and hemicellulose) and higher amounts of hydroscopic 
components (lignin and extractives) as shown Table 1. The 
larger amount of lignin is responsible for providing the 
significant mechanical strength of shells [28]. For thermo-
plastic composites, walnut shell flour (WSF) as filler is sig-
nificant in various outdoor applications. Walnut shell thus 
can be used as a substitute of wood in the manufacturing 
of wood based panels such as particleboards, window 
frames etc. [29] Guru et al. [30] synthesized the polymer 
composite particleboards using walnut shell. Based on the 
findings obtained from the results of Ayrilmis et al. [31], 
it was observed that reinforcement of WSF improved the 

tensile and flexural modulus of polypropylene (PP) matrix 
based composites.

No specific studies have been reported dealing the 
combined effect of CA and CMC on the PVA/Starch com-
posite films. The present work includes the influence of 
CMC addition on the thermal and tensile properties of 
PVA/Starch films synthesized by the method adopted by 
Zhou et al. [14] The effect of walnut shell flour as reinforce-
ment in the above obtained films was further explored.

2  Materials and method

2.1  Materials

Poly (vinyl alcohol) (PVA)  (Mw = 85,000–1,24,000) and Corn 
starch was supplied by SDFCL (s d fine-chem limited). Glyc-
erol was obtained from RFCL, Carboxymethyl cellulose was 
purchased from LOBA CHEMIE. Walnut shells obtained 
from producer were cleaned of impurities and ground to 
flour. Particles passing through 18 mesh sieve were used 
as reinforcement.

2.2  Method

PVA/Starch/CMC (PSC) film preparation PS films plasticized 
with 20% glycerol and 5% citric acid were prepared by sol-
vent casting method [14]. CMC solution (0, 5, 10, 15 and 
20%, W/W PVA/Starch) was solubilized in 75 ml of distilled 
water at 80 °C for 10 min (Table 2). CMC and PS solutions 
were mixed together and magnetically stirred for 2 h to 
form a homogeneous gel-like solution. The solution was 
poured into glass dishes and dried in vacuum oven at 
60 °C to cast the films. The influence of CMC concentra-
tions on the thermal and mechanical properties of PS films 
was analyzed. There was a slight increase in the thermal 
stability of obtained films containing different amount of 
CMC. The film containing 10% CMC with moderate thermal 
stability and tensile strength (36.56 ± 1.54 MPa) was further 
chosen for analyzing the effect of walnut shell flour (WSF) 
loading.

PSC/Walnut (PSCW) film preparation:

Table 1  Chemical composition of walnut shell flour [31]

Composition Cellulose Lignin Holocellulose Ash

Value (%) 26.51 49.18 47.78 2.13

Table 2  Composition of 
different CMC modified 
composites

Sample index PVA/Starch Glycerol (wt% of dry 
weight)

Citric acid(g) (wt% of 
dry weight)

CMC (wt% 
of dry 
weight)

PSC0 3:1 20 5 –
PSC5 3:1 20 5 5
PSC10 3:1 20 5 10
PSC15 3:1 20 5 15
PSC20 3:1 20 5 20
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PSC10 film containing 10% CMC was chosen for fur-
ther studies and reinforced with different amount of WSF 
(Table 3). The effect of this reinforcement on different 
properties of the films was further investigated. The thick-
ness of obtained films was maintained to 0.25 mm.

3  Characterizations

3.1  FTIR spectroscopy

FTIR spectra recorded on a MB-3000 ABB spectrophotom-
eter in transmission mode over the frequency range of 
4000–600 cm−1, was used for the identification of specific 
functional groups in the composite films.

3.2  Thermogravimetric analysis (TGA)

TGA of the samples was performed on STAH instrument at 
the heating rate of 10 °C min−1 in an inert nitrogen atmos-
phere by taking dry alumina (ɑ-Al2O3) as a reference. Sam-
ples were placed in ceramic pans and about 8–10 mg of 
sample was used for thermal analysis.

3.3  Mechanical property

Mechanical properties of the films like Ultimate tensile 
strength (UTS), elongation at break and Young’s modulus 
were studied on Universal Testing Machine (UTM) Model 
AG-IS Shimadzu. The films samples were placed in a closed 
container with relative humidity of 50% before testing. The 
test samples were in accordance with ASTM D-882 stand-
ards maintaining the gauge length of 50 mm and cross 
head speed of 10 mm min−1. The samples were tested in 
triplicate for each category for tensile analysis and an aver-
age value is reported.

3.4  Swelling study

Prior to testing, the films were stored at 104 °C for 24 h. 
The swelling behaviour [15] of the films was determined 
by immersing the dried and accurately weighed films  (wo) 

in 20 ml distilled water at 25 °C. After 24 h the films were 
removed, wiped and weighed  (wt). The degree of swelling 
(DS) was calculated from the following equation:

where  wt is the weight of immersed films obtained after 
24 h and  wo is the initial weight of vacuum dried films 
(in gram). The results have been reported as the average 
values corresponding to three different samples of each 
category.

3.5  Light absorbance property

Light absorbance of the films against UV light was 
recorded on the UV–Vis spectrophotometer (Model Shi-
madzu Double Beam Double Monochromator (UV-2550)) 
test cell. The spectrum was recorded in wavelength range 
between 200 and 800 nm. An average value was reported 
for each sample.

3.6  Soil degradability test

In order to determine the biodegradability, films were fully 
buried in the soil containing 6 g urea per kg, kept moist to 
activate the growth of microorganisms. The weight loss of 
the samples was determined at the regular time interval 
of 15 days for duration of 2 months. An average percent-
age weight change was obtained for three independent 
samples by using the following equation:

where  wi is the initial weight of dried film and  wt is the 
dried weight of film (in gram) after the soil burial at the 
time t.

(1)DS =
wt − w0

wo

× 100

(2)% degradation of composite films =
wi − wt

wi

× 100

Table 3  Composition of 
walnut shell flour reinforced 
composites

Sample index PVA/Starch Glycerol (wt% 
of dry weight)

Citric acid(g) 
(wt% of dry 
weight)

CMC (wt% of 
dry weight)

Walnut shell flour 
(wt% of dry weight)

PSC10W2 3:1 20 5 10 2
PSC10W4 3:1 20 5 10 4
PSC10W6 3:1 20 5 10 6
PSC10W8 3:1 20 5 10 8
PSC10W10 3:1 20 5 10 10
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3.7  Field emission scanning electron microscopy 
(FESEM) analysis

FESEM was performed on Hitachi SU 8010 series to 
observe the morphology of platinum coated samples of 
composite films. All the samples were taken at 5 kV power 
at different magnifications.

3.8  Statistical analysis

Films properties were measured with individually pre-
pared films in triplicate, as the replicated results are pro-
vided with mean ± standard deviation (SD) values. Analysis 
of variance (ANOVA) was performed and the significance 
of each mean property value was determined (p < 0.05).

4  Results and discussion

4.1  Influence of carboxymethyl cellulose

4.1.1  FTIR spectroscopy

FTIR spectra of PSC0 and PSC10, PSC20 with their charac-
teristic peaks are shown in Fig. 1. In the spectra of PSC0, 
the peak obtained at 3310 cm−1 is assigned to the stretch-
ing vibration of hydroxyl groups of PVA and/or starch [32]. 
The peaks at 2921 and 2850 cm−1 are attributed to the 
asymmetric stretching of C-H group of polymer matrix. 
The peak at 1724 cm−1 corresponds to the C=O stretch-
ing vibration peak caused by the ester bond and carboxyl 
groups in citric acid.14 The band at 1430 cm−1 is the char-
acteristic peak of  CH2 bending with deformation. The band 

at 1083 cm−1 is attributed to the C–O–H bending and C–O 
stretching vibration coupled with O–H bending vibration 
and at 1017 cm−1 is due to the stretching of C–O bond in 
C–O–C group in the anhydroglucose ring of starch [33].

In the FTIR spectra of PSC10 and PSC20 a broad band 
at 3309 cm−1 corresponds to the OH stretching. The bands 
obtained at 2928 and 2835 cm−1 were due to the asym-
metric stretching of CH groups. The peak at 1090 cm−1 
arises due to the C–O and 1030 cm−1 correspond to the 
C–O–C stretching of PVA backbone respectively. The peak 
obtained at 1728 cm−1 was attributed to the ester bond 
and carboxyl groups (C=O) in citric acid or due to the resid-
ual acetate groups during the manufacturing of PVA from 
hydrolysis reaction of polyvinyl acetate [32].

The bands at 1432 and 1260 cm−1 were assigned to the 
 CH2 group and stretching vibration of C–O group respec-
tively. The existence of different individual peaks in PS 
composites after being modified by the addition of CMC 
indicates the success of blending of PVA/starch with CMC.

4.1.2  Thermal study

Thermogravimetric Analysis (TGA) The thermal profiles (TG 
and DTG) of PSC0, PSC10 and PSC20 at the heating rate of 
10 °C min−1 in an inert atmosphere of nitrogen are shown 
in Fig. 2.

The weight loss up to 200 °C in all the samples results 
from the evaporation of absorbed moisture and the volati-
zation of easily degradable components such as glycerol [34, 
35]. It was found that the PS films cross linked with citric acid 
(PSC0) found to show the significant thermal stability. The 
similar results modified by the addition of citric acid were 
also obtained by Zhou et al. [14] TG curves of composite 

Fig. 1  FTIR spectra of a PSC0 and b PSC10, PSC20
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films showed a two step decomposition pattern. The first 
predominant stage of degradation from about 220–320 °C 
was primarily due to the degradation of polymer chain [36, 
37], followed by further weight loss in second degradation 
region around 360–450 °C, corresponds to the breakdown 
of polymer backbone [38]. There was a slight increase in the 
onset degradation temperature and percentage of weight 
residue left at 600 °C with the addition of CMC (Table 4) in all 
the composite films. This is because CMC acts as a stabilizing 
agent [39] which provides more stability to the composite 
films and hence led to a decrease in percentage of weight 
loss which is shown in the form of increase in percentage 
of weight residue left with the increasing concentration of 
CMC. The similar trends with the addition of CMC were also 
observed by A.M. Shehap [40].

4.1.3  Mechanical properties

The ultimate tensile strength (UTS) and Young’s modu-
lus of the composite films PSC-0 to PSC-4 are shown 

in Fig.  3.The UTS of virgin polymer film (PSC0) was 
19.22 ± 0.87 MPa. The strength was found to be increased 
with an increase of CMC up to 10% having a value of 
36.56 ± 1.54 MPa. The reason for this increase can be 
due to the interfacial interaction between the polymer 
matrix and CMC having similar polysaccharide structure 
[22]. The interfacial interaction could be that the poly-
mer matrix PVA and/or starch is able to from hydrogen 
bonding with the hydroxyl and carboxyl groups of CMC 
macromolecules and leads to the formation of strong 
network. The resulting structure thus resists the diffusion 
of water molecules in it and simultaneously improves 
the mechanical properties [41]. The enhancement of 
tensile strength of starch films with addition of CMC (till 
10%) was also observed by Ma et al. [42] Further addi-
tion of CMC from 10 to 20% led to decrease in UTS from 
36.56 ± 1.54 to 27.73 ± 0.32 MPa. This might be due to the 
aggregation of CMC in PVA/Starch matrix at high loading 
(20%) as clearly shown in the FESEM images (Fig. 4c, d). 
Young’s modulus of the composite films is also shown 
in Fig. 3b. The maximum value of Young’s modulus was 
obtained in case of PSC10 (37.07 ± 1.15 MPa) in compari-
son to the virgin film PSC0 (32.67 ± 0.59 MPa).

The reason for the increase of mechanical proper-
ties on the addition of CMC up to certain limit (PSC10) 
can be due to the fact that at further loading of hydro-
philic component CMC, moisture absorption of resulting 
blends increases and hence deteriorates the mechanical 
properties. Another possible reason for this worsening 
can be due to the fact that in presence of CA, the effect 
of higher addition of CMC gets weakened. Hence, due to 
the limited interactions tensile strength as well as youngs 
modulus decreases after certain concentration of CMC. 
The decrease of interactions is also shown in the FESEM 
image of PSC20 where aggregation of CMC on one side of 
blend is shown (Fig. 4c, d). This is the cause that optimum 
results for tensile strength and youngs modulus belongs 
to PSC10. The similar results i.e. increasing of CMC content 
leading to decrease in mechanical properties were also 
observed by other researchers [41, 43].

Fig. 2  Thermal profiles a TG and b DTG of PSC0, PSC10 and PSC20

Table 4  Characteristic thermal decomposition data of composite 
films

Sample 
index

Decom-
position 
region

Temperature (°C) Weight 
residue (%) at 
600 °CT0 Tmax Tend

PSC0 First 222.66 287.24 333.97 10.07
Second 377.57 411.42 561.55

PSC10 First 229.75 289.63 345.37 13.19
Second 378.23 414.76 522.92

PSC20 First 235.54 280.80 345.72 17.11
Second 380.88 424.49 514.82
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Fig. 3  a Tensile strength and b Youngs modulus of PVA/Starch/CMC composites

Fig. 4  FESEM images of a PSC10 (× 100), b PSC10 (×600), c PSC20 (×100) and d PSC20 (×600 magnification)
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The statistically significant differences between mean 
tensile data from one sort of composition to another were 
verified by p value (p < 0.05) as shown in Table 5. The com-
posite PSC10 offering high tensile strength and moderate 
thermal stability was chosen as an optimum to analyze the 
effect of walnut shell flour.

4.1.4  FESEM analyses

The surface morphology of the PSC10 and PSC20 films is 
shown in Fig. 4. The surface of PSC10 film was found to be 
smooth and compacted. The separation of two polymer 
phases (PVA and starch) was not observed on 10% addition 
of CMC; is an evidence of uniform morphology and good 
compatibility between different components. The reason 
for observing the homogeneity in PSC films was probably 
due to the chemical similarities and hydrogen bonding 
interactions in filler and matrix. However, at further loading 

of CMC in PS films (PSC20), change in morphology was 
observed due to aggregation of CMC (Fig. 4c, d).

4.2  Influence of walnut shell flour

4.2.1  FTIR spectroscopy

The FTIR spectra of composite films from PSC10W2 to 
PSC10W10 are shown in Fig. 5. The characteristic peaks 
observed in this spectrum were almost similar to that 
observed in Fig.  1b. However, the intensity of peak 
obtained at 3400–3200 cm−1 was found to decrease con-
tinuously. The reason for the decrease in intensity of the 
band can be due to the fact that OH group is involved in 
hydrogen bonding with walnut flour giving rise to the 
polymeric association of OH group.

Table 5  One way ANOVA on tensile strength data

Source DF Sum of 
squares

Mean 
square

F-value p value

Composi-
tion

4 470.8345 117.7086 124.8924 1.72 E−08

Error 10 9.4248 0.94248 – –
Total 14 480.2593 – – –

Fig. 5  FTIR spectra of composite films
Fig. 6  Thermal profiles a TG and b DTG of different PSCW compos-
ite films
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4.2.2  Thermal study

Thermogravimetric Analysis (TGA) The TG curves of PSC 
composites reinforced with WSF are shown in Fig. 6. It 
was found that principal degradation behaviour of PSCW 
composites has not changed with the addition of WSF in 
PSC composites, however shifted the TG curves to higher 

temperatures. This shifting is also shown in the form of 
increase of onset degradation temperature for PSCW com-
posites (Table 6). The enhancement in onset degradation 
temperature of PSCW composites was an indication of 
increasing the thermal stability of composites. However, 
this increase was observed only up to 6% addition of flour.

Further addition led to decrease in thermal stability 
which can be explained in such a way that at high con-
centration the homogeneous dispersion of flour could 
not take place (Fig. 11) and nature of resulting adhesion 
existing between filler and matrix reduced and hence 
decreased the thermal stability.

4.2.3  Mechanical properties

It can be seen that tensile strength for PSC10W4 and 
PSC10W6 was nearly same with maximum value of 
41.09 ± 0.71  MPa (Fig.  7a). Further addition of flour 
from 6 to 10% led to drop in tensile strength with UTS 
value of 31.01 ± 0.80 MPa for PSC10W10. The drop in 
tensile strength can be due to poor interfacial inter-
action between polymer matrix containing CMC and 
high concentration of shell particles. The significant 
change in UTS value from 35.61 ± 0.37 MPa (PSC10W2) 

Table 6  Characteristic thermal decomposition data of composite 
films

Sample index Decomposi-
tion region

Temperature (°C)

T0 Tmax Tend

PSC10W2 First 233.38 280.80 351.81
Second 380.88 425.61 503.60

PSC10W4 First 243.63 295.33 354.94
Second 390.45 427.61 522.92

PSC10W6 First 246.76 302.14 361.38
Second 384.01 437.55 477.66

PSC10W8 First 227.44 281.72 358.25
Second 361.38 411.19 508.38

PSC10W10 First 225.79 279.88 338.93
Second 361.38 410.14 487.41

Fig. 7  a Tensile strength and b Young’s modulus of composites

Table 7  One way ANOVA on 
tensile strength data

Source DF Sum of squares Mean square F-value p value

Composition 4 222.52971 55.63243 135.75065 1.14267 E−8
Error 10 4.09813 0.40981 – –
Total 14 226.62784 – – –
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to 41.09 ± 0.71 MPa (PSC10W6), showed that addition of 
flour affects the properties of matrix. The Young’s mod-
ulus of composite films was also increased with maxi-
mum value of 66.74 ± 1.04 MPa obtained in PSC10W8. 
Young’s modulus of the natural fiber reinforced polymer 
composites generally increases with increasing the fiber 
amount [44]. However, the low value of Young’s modu-
lus obtained for PSC10W10 can be an indication that 
homogeneous dispersion of flour could not take place 
with high flour loading. The elongation percentage was 
decreased continuous from 200 to 160% from PSC10W2 
to PSC10W10 respectively. The statistical data of tensile 
strength data of PSCW films is shown in Table 7. It can 
be demonstrated from table that at the significant level 
of 0.05 there were remarkable differences between the 
mean percentages of tensile data from one composition 
to another.

4.2.4  Swelling study

On the addition of walnut shell flour the degree of 
swelling was found to decrease (Fig. 8). The DS value for 
PSC10 was 73.37 ± 0.92%. However, this value reached 

at 54.35 ± 1.33% with 10% flour loading. A significant 
change of about 10% in the DS value was observed with 
2% flour addition.

A further addition of flour led to continuously 
decrease in DS value, but the decrease was not much 
significant as observed with 2%.

However, the overall decrease in DS value with flour 
addition can be due to the fact that number of free OH 
groups decreased with flour addition; as confirmed 
already from the decrease in intensity of OH group in 
the IR spectra of these composites (Fig. 5). A signifi-
cant change in swelling percentage was also confirmed 
by executing one-way ANOVA (p < 0.05) to the data 
obtained as shown in Table 8.

4.2.5  Light absorbance property

Figure 9 shows the UV–Vis spectra of composites with dif-
ferent levels of walnut flour. The comparison is also made 
against the composite without any flour addition (PSC10). 
The transmittance percentage of entire composites was 
lower than PSC10. On increasing the amount of flour the 
% transmittance decreased with increasing the amount of 
flour. In the UV range (290–400 nm), the transmittance value 

Fig. 8  Comparison of swelling percentage of different PSCW films 
in comparison to PSC10

Table 8  One way ANOVA on 
swelling percentage data

Source DF Sum of squares Mean square F-value p value

Composition 5 711.34435 142.26887 204.00599 3.56972 E−11
Error 12 8.36851 0.69738 – –
Total 17 719.71286 – – –

Fig. 9  UV-Vis spectra of composite films
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of all the composites was very low, meaning that most of the 
films provided shielding against UV light. As a result, these 
PVA/Starch/CMC films reinforced with walnut flour could 
potentially be used as UV-shielding materials in food and 
medical applications also [45].

4.2.6  Soil degradability test

This test was performed in order to study the biodegradabil-
ity of composites by evaluating the weight loss percentage 
of samples due to the presence of moisture and microor-
ganisms activity, during the time period of 90 days. All the 
composite samples showed the rapid degradation in time 
period between 15 and 30 days. PSC10 film without any flour 
loading showed the maximum weight loss percentage at the 
end of 90 days (59.94 ± 0.61). This might be due to the high 
water absorption percentage of PSC10 in comparison to the 
PSCW composite films as shown in Fig. 8.

Among PSCW composites, PSC10W2 and PSC10W10 
showed maximum and almost equal weight loss percent-
age i.e. 56.0 ± 0.59 and 56.13 ± 0.58 respectively. PSC10W2 Fig. 10  Plot of percentage of weight loss as a function of polymer 

films

Fig. 11  FESEM image of a PSC10W6 (×100), b PSC10W6 (×600), c PSC10W10 (×100) and d PSC10W10 (×600 magnification)
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due to high water absorption capacity was more suscepti-
ble to the attack of microorganisms and hence showed sig-
nificant weight loss under the soil burial process (Fig. 10). 
However, the presence of voids, cracks and free volume in 
PSC10W10 as shown in FESEM image (Fig. 11c, d) made it 
more prone to the attack of microorganisms [46]. 

In addition, PSC10W4 and PSC10W6 showed the higher 
biodegradation resistance among all the PSCW composite 
samples. This might be attributed to the fact that PSC10W4 
and PSC10W6 showed high cross linking and good adhe-
sion which resist these samples to get degrade, which 
resulted in its high tensile strength also (Fig. 7a). As highly 
cross linked films shows the high degradation time period 
and low weight loss percentage [47]. Statistically signifi-
cant differences from one level of composition to another 
and time of degradation on degradability data were con-
firmed by two-way ANOVA at the significant level of 0.05 
as shown in Table 9.

4.2.7  FESEM analyses

The composite PSC10W6 showed homogeneous disper-
sion of WSF (Fig. 11a, b). However, in PSC10W10 compos-
ite containing 10% content of flour showed that homo-
geneity of flour was not maintained at high flour content 
due to the resulting poor adhesion between filler and 
matrix. In addition, more roughness was also observed 
at the higher flour content. The higher loading of walnut 
shell flour (PSC10W10) introduced some cracks in the 
films (Fig. 11c, d) which was also responsible for its high 
degradability under the soil burial process.

5  Conclusions

PVA/Starch films modified by 10% addition of CMC and 
offering moderate thermal stability and significant ten-
sile strength (36.56 ± 1.54  MPa) value was chosen as 
an optimum for analyzing the effect of WSF addition. 
Addition of WSF improved the thermal stability and also 

possessed high tensile strength (41.09 ± 0.71 MPa). The 
addition of WSF led to decline in degradability percent-
age in comparison to composite without any WSF addi-
tion (PSC10). Also, the PSCW films were found to be more 
resistant towards the water absorption.
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