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This work was aimed to study the effect of natural polyphenol extract (Acacia catechu) on physicochemical properties of
starch/PVA-based film. Acacia catechu extracts were incorporated in the starch/PVA- (60:40%) based films at different concen-
trations (0.1% to 15%) to the total weight of starch/PVA-based film. The tensile strength (TS) of the starch/PVA blend film was
24 MPa and significantly increased (33.8 MPa) by the addition of acacia (0.5%). Different percentages of urea (1% to 15%) were
incorporated in the starch/PVA/acacia-based film. The best tensile strength (11 MPa) and elongation at break (59%) were obtained
at 5% urea concentration. This 5% urea-incorporated film was irradiated at different radiation doses; the film showed the best
results at 100 krad (tensile strength 15 MPa and elongation at break 69%). Molecular interactions due to incorporation of Acacia
catechu were supported by FTIR spectroscopy. Thermal properties (TG/DTA) of all the films were carried out successfully. Water
absorption trend of all the films was comparatively high. Urea-incorporated film degraded 94%, and irradiated urea incorporated

film degraded 91% within 70 days into the soil.

1. Introduction

Pure starch lacks the tensile strength, processability, and
dimensional stability, and when in a starch/PVA blend film,
the percentage of starch is higher than PVA; the tensile
strength of the film is relatively poor. Other effective means
commonly used to modify the PVA/starch composites in
order to improve their mechanical and water resistance prop-
erties include (1) chemically modifying PVA or starch [1],
for example, esterification, oxidation, etherification, cross-
linking, and methylation [2-8], (2) physically modifying the
SP (starch/PVA) composites, for example, by adding corn
fibers to the blends [9], or (3) chemically modifying the SP
composites during or after the blending process, for example,
cross-linking reactions, grafting [10, 11]. Examples of cross-
linking reagents include glutaraldehyde [12], boric acid [13],
and epichlorohydrin [14], and those of methods include

radiation [15] and photo-cross-linking [16]. However, cross-
linking agents such as those mentioned above are costly and
sometimes display toxicity. Thus, their potential applications
in biodegradable packaging material are limited.

Catechu (or Khair), a hot water extract of red heartwood
of Acacia catechu [17], is a brown-colored material with a bit-
ter taste. It belongs to the family Leguminosae-mimosaceae.
It has some medicinal values and is abundantly grown in the
region of South Asian countries. The solution of Acacia cat-
echu is acidic in nature. Acacia catechu extracts contain from
13% to 33% catechin which is a polyphenolic compound
and from 22% to 50% tannic acid, which is called catechu-
tannicacid. Besides these, water-soluble extractive matter,
gum, and mineral substances are also found to be present
[18]. Catechin and quercetin are polyphenolic compounds
which also proved to increase the mechanical properties of
the polymeric films. It has no problem of toxicity, and the



ultimate goal of the production of environment friendly
polymer will be fulfilled.

When the film contains a higher amount of starch than
PVA in the blend, it becomes markedly brittle at low-
moisture content [19-22]. The addition of a plasticizer agent
to the film is required to overcome film brittleness, caused
by high intermolecular forces. Plasticizers reduce these forces
and increase the mobility of polymer chains, thereby improv-
ing flexibility and extensibility of the film. On the other
hand, plasticizers generally decrease gas, water vapor, and
solute permeability of the film and can decrease elasticity and
cohesion [23-25]. Several authors used urea as a plasticizer in
the polymeric film [25, 26].

Radiation technology has been used frequently to
improve the properties of plastic products due to the chemi-
cal reaction among polymer molecules under irradiation [27,
28]. And as the incorporation of plasticizers usually decreases
the strength of the film, it is necessary to irradiate the film in
order to increase the strength of the polymeric film [29]. In
this study, the effect of polyphenolic compounds from Acacia
catechu extracts into the starch/PVA-based film was evaluated
and the effect of urea as a plasticizer and gamma radiation as
a cross-linker into the starch/PVA/acacia-based film was also
studied.

2. Materials and Methods

2.1. Materials. Polyvinyl alcohol (PVA) (MW 145000) was
purchased from Merck Schuchardt OHG, Hohenbrunn,
Germany. Rice starch was collected from rice cooking waste
of the kitchen. Acacia catechu was purchased from local
market. Urea was also purchased from Merck Schuchardt
OHG, Hohenbrunn, Germany.

2.2. Methods

2.2.1. Preparation of Starch/PVA/Acacia Film. Starch/PVA-
based biodegradable polymer films were prepared by solu-
tions casting. Starch and PVA were blended in hot water in
a ratio of (60:40%) at 150°C for about 2 hours to form
a homogeneous solution, and Acacia catechu extracts were
incorporated in starch/PVA blends at (0.1%-15%) to the
total weight of starch/PVA film. The solutions were then
poured on the silicon —paper-covered glass plate. The solu-
tions were maintained in a thickness of 4 mm on the glass
plate. After cooling the dried films at room temperature
for 72 hours, they were peeled from the silicon cloth and
cut into small pieces of length 70 mm and width 10 mm,
and the average thickness of the dried films was about
0.3mm. The film having best mechanical property was
chosen for further investigation. Urea was incorporated in
the optimized starch/PVA/acacia-based film at a percentage
of (0%-15%) to the total weight of starch/PVA/acacia-
based film. The films were stored in desiccators at room
temperature (30°C) and at RH 65% prior to performing the
measurements.

2.3. Gamma Irradiation of the Film. The starch/PVA/aca-
cia/urea film having best mechanical property was chosen
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for irradiation by gamma rays (°*Co gamma source, Inter
Professional Investment Ltd, UK). The film was irradiated
with 350 krad/hr dose rates at various total doses (25 krad—
500 krad), and after 24 hours, the mechanical, thermal, and
water absorption properties and soil burial test of the films
were studied.

2.4. Property Measurement

2.4.1. Tensile Properties. Tensile strength (TS) and elongation
at break (EB) of the films were measured with universal
testing machine (Hounsfield Series S, UK). Each piece of the
film had a length of 20 mm and a width of 10 mm. Crosshead
speed was 2 mm/mi,n and gauge length was 20 mm with load
capacity of 500 N. ASTM D882 was followed for the tensile
test, and five replicates were tested for each sample to assess
the precision of the method. All the tests were carried out at
20°Cand 50% RH.

2.5. Fourier Transform Infrared Spectroscope (FTIR). The IR
spectra of the films were measured by FTIR spectrophotome-
ter (Perkin Elmer, UK). The FTIR spectrum was taken in an
absorbance mode. The spectra were obtained at a resolution
of 8 cm™! in the range of 650 to 4000 cm ™.

2.6. Thermal Analysis. The thermal test of the films was per-
formed using computer-controlled TG/DTA 6300 system
controlled to an EXSTAR 6000 STATION, Seiko Instrument
Inc., Japan. The TG/DTA module used a horizontal system
balance mechanism. All the experiments were performed
under the nitrogen atmosphere. Sample weights were 8 mg—
10 mg and heating rate was 10°C/min within the temperature
range of 50-600°C.

2.6.1. Water Absorption. The water absorption of the films
was monitored (up to 120 minutes) to find the profile of
water uptake. Water absorption was determined using the
following equation

Wg = w X 100, (1)

where Wa and Wo were the weights of the sample after and
before soaking in water.

2.7. Soil Burial Test. The degradation tendency of the films
(both irradiated and nonirradiated) in the soil was studied.
The films were buried in soil for 70 days. Moisture content of
the soil was maintained at around 15%-18%. In every week,
samples were taken out from the soil. After cleaning carefully
and drying at room temperature, their weight losses were
measured [30, 31]. Weight losses (%) were determined using
the following equation:

(Wa — Wo) o

We = Wa

100, (2)

where Wa and Wo were the weights of the sample before and
after soil burial treatment.
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3. Results and Discussion

3.1. Effect of Acacia catechu (Ac) Extracts on the Mechanical
Properties of Starch/PVA (St/PVA) Film. As polymer materi-
als such as films may be subjected to various kinds of stress
during being used, the study of the mechanical properties is
of primary importance for determining the performance of
the materials [32]. The tensile strength (TS) and elongation
at break (EB) of blend films are plotted as a function of the
Acacia catechu content which are shown in Figure 1.

Because polymer materials may be subjected to various
kinds of stress in the process of usage, the determination of
the mechanical properties involves not only scientific but
also technological and practical aspects [33]. It has been
observed that the TS of the film increased initially with the
increase of Ac extracts content. The TS of St/PVA-based
film is 24 MPa. When 0.1% Ac extracts were incorporated in
the base film, the TS increased to 29 MPa. And at 0.5% Ac
extracts incorporated Starch/PVA film, it shows highest TS
(33.8 MPa), and the TS value remains almost constant up to
5% Ac extracts.

The improvement in mechanical properties of the films
incorporated with Ac extracts may be attributed to the
interaction between St/PVA and polyphenolic compounds
from Ac extracts. There is a possibility that polyphenolic
compounds may be able to fit into St/PVA base polymeric
matrix and establish interactions such as hydrogen bonding
with OH groups of St/PVA [34]. Changes in mechanical
properties as affected by polyphenolic compounds were also
observed for other biopolymeric films [35-37].

However, after a certain value, with the increase of Ac
extracts into the St/PVA-based film, the TS of the film
gradually decreases. This sharp decrease of TS at higher
concentration of Ac may be due to lessening of compactness
of the film components. As the percentage of catechuic acid
and tannic acid increased in the St/PVA-based film, these can
cause a breakdown in the structure of St/PVA based film.

In case of EB from Figure 1, it has also been found that no
remarkable change in EB has occurred by the incorporation
of Ac extracts in the St/PVA-based film. As the 0.5% Ac
extracts-incorporated film exhibits highest TS (33.8 MPa),
this film was chosen for further investigation.

3.2. Fourier Transform Infrared Spectroscope (FTIR). FTIR
is of importance in the study of the molecular structure.
The width and intensity of the spectrum bands, as well as
the position of the peaks, are all sensitive to environment
changes and to the conformation of macromolecules on
the molecular level. Intermolecular interaction occurs when
different polymers are compatible, so that the FTIR spectrum
of the blend is different from those of pure polymers,
which is advantageous to the study of the extent of polymer
compatibility.

Figure 2 represents the FTIR spectra of St/PVA-based
film, Starch/PVA/Acacia based film, and pure Ac extracts.
For Ac extracts, characteristic aromatic C=C bending appears
at 1618 cm™1-1449 cm™!, at 1238 cm™! —CH bending vibra-
tion, and at 1075cm™! for C-O stretching vibration. The
characteristic peaks of St/PVA film are: 1418-1338 cm™! for

Tensile strength (MPa)
Elongation at break (%)

Acacia catechu (Ac) extracts (%)

-+- EB

FiGure 1: Effect of Acacia catechu (Ac) extracts on the tensile
strength and elongation at break of St/PVA film.
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FiGure 2: FTIR spectra of St/PVA, St/PVA/Ac, and Acacia catechu
(Ac) extracts.

CH or CH, bending vibration, 1080 cm~! for C-O stretching
vibration and stretching vibration of C=C at 1638 cm™.
However, after incorporation of Ac extracts into the St/PVA-
based film, a trivial change occurs when compared to the
spectrum of St/PVA and Ac extracts. Certain peaks of
Ac extracts fade away, and some peaks are shifted from
lower to slightly higher region than St/PVA film. In the
starch/PVA/acacia (St/PVA/Ac) film, some high intensity
peaks appeared in the 1111cm™! to 1014cm™! which
indicate the strong intensity of —-C-O group. Furthermore,
in the film of St/PVA and St/PVA/Ac, higher peaks are
observed which are at 3349 cm~! and 3354 cm™!, respectively
(not shown in the figure). These two absorption bands
correspond to —~OH stretching vibration and 2931 cm™! for
—CH stretching vibration in both films [38].



3.3. Effect of Urea on the Mechanical Properties of Starch/PVA/
Acacia-(St/PVA/Ac-) Based Film. Urea has been incorpo-
rated into the St/PVA/Ac-based film to observe the mechan-
ical properties of the film. The TS and EB of blend films are
plotted as a function of the urea content which are shown
in Figure 3. From these figures, it has been observed that
the incorporation of urea in the base film leads to a gentle
decrease of the TS of the film with the increase of urea con-
tent, while it increases significantly the EB, as plasticizers are
expected to reduce the modulus, tensile strength, hardness,
and glass transition temperature but increase the flexibility
and elongation at break of a polymer [39].

From Figure 3 it has been found that the TS and EB of
the St/PVA/Ac-based film were 33 MPa and 7%, respectively.
After incorporation of 1% urea the TS of the film has
been found to decrease to 20 MPa but the EB increased to
20%. In this way, at 5% urea incorporation, the TS of the
film decreased to 11 MPa, and the EB increased to 59%,
and at 10% urea, the TS is 5MPa, and EB is 126.5%.
This behavior can be explained taking into consideration
the fact that the increase of the plasticizer amount in the
blend results in a greater mobility of both the starch and
the PVA macromolecules which enhance the flexibility of
the resulting film [40]. However, when 15% urea has been
incorporated, the TS and EB simultaneously decrease to
2MPa and 47%, respectively. It was observed that in these
materials, increasing the amount of plasticizer led to a
reduction in the elongation at rupture; however, in general
a rise in plasticizer content should increase the EB [41].

3.4. Effect of Gamma Irradiation on the Mechanical Prop-
erties of St/PVA/Ac/Urea-Based Film. St/PVA/Ac/urea blend
films were irradiated under gamma radiation at different
doses (25, 50, 100, 200, and 500krad) at a dose rate of
350 krad/hr to determine the effect of gamma irradiation on
the mechanical property of the St/PVA/Ac/urea blend films.
The TS and EB of gamma-irradiated films are plotted as a
function of the radiation doses which are shown in Figure 4.
Figure 4 illustrates the effect of gamma radiation on urea-
incorporated St/PVA/Ac-based film. It has been observed
that in the nonirradiated film, the TS and EB were 11 MPa
and 60%. At 25 krad radiation dose, the TS and the EB of the
film increased to 12 MPa and 62% and continuously increase
with the increase of radiation dose up to 100 krad. And in
this 100 krad radiation, the TS increased to 15 MPa and EB
to 69%.

Radiation dose produces a denser network structure
because of increased cross-linking, which ultimately leads to
the enhancement of mechanical properties such as TS, hard-
ness, and softening temperature. After radiation maybe both
the oxygen of the C—-O-H group and the oxygen of the
C-0O-C group in starch could form hydrogen bonds with
the amide group of urea [26]. As the radiation dose was
increased to 200 krad, the TS decreased to 13.5 MPa, and
the EB decreased to 55%. And the same behavior was found
at 500 krad radiation dose. With the increase of radiation
dose, the decreases of these mechanical properties are due to
the disruption of denser network structure of the composite
polymer.
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FiGure 3: Effect of urea on the tensile strength and elongation at
break of St/PVA/Ac film.
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Ficure 4: Effect of gamma radiation on the tensile strength and
elongation at break St/PVA/Ac/urea film.

3.5. Water Absorption. Figure 5 represents the water absorp-
tion of St/PVA, St/PVA/Ac, and St/PVA/Ac/urea and irradi-
ated St/PVA/Ac/Urea film. Water uptake was measured by
soaking the films in static glass beakers contained deionized
water at room temperature (25°C) for different time series
(1, 3, 5, 10, 20, 40, and 60 minutes).

As starch is a water-sensitive material and the percentage
of starch is higher in the entire blend film, the percentage of
water absorption is also higher. From the figure, it has been
found that the incorporation of acacia slightly increases the
level of water absorption, but the incorporation of urea cause
a major change in the curve of water absorption. But when
the urea-incorporated film was irradiated, the level of water
absorption again decreased. During the first few minutes of
immersion, both the films (St/PVA and St/PVA/Ac) absorb
about 45% and 48% of water correspondingly. After 5,
10, 20, 40, and 60 minutes, St/PVA films absorb 77, 146,
147, 157, and 183% of water, respectively, while St/PVA/Ac
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FiGure 5: Comparison of water absorption of the St/PVA, St/PVA/
Ac, St/PVA/Ac/urea, and irradiated St/PVA/Ac/urea-based film.

base film absorb 80, 152, 158, 162, and 190% of water.
Both films are still absorbing water and more stable in the
water. Again, after 1, 5, 10, 20, 40, and 60 minutes, the
St/PVA/Ac/urea film absorbs 140, 190, 213, 215, 217, and
211% of water and gradually loses its weight in the water.
But the irradiated St/PVA/Ac/urea film within the same time
interval absorbs 95, 127, 135, 152, 160, and 168% of water.
And the level of absorption increases with the increase of
immersion time. This is may be due to the fact that because
of cross-linking, polysaccharide chain of starch and OH—
groups of PVA and urea create a three-dimensional compact
structure. Therefore, there is very little opportunity for the
water molecule to be associated or absorbed within the
irradiated film. Thus, the irradiated samples showed less
water uptake [30].

3.6. Thermal Properties

3.6.1. TG. Figure 6 represents the thermogravimetry of
St/PVA, St/PVA/Ac, St/PVA/Ac/urea, and irradiated St/PVA/
Ac/urea film. From the gravimetry curve, it was found that
the incorporation of acacia, urea, and then irradiation did
not made any significant changes in the thermal property.
The incorporation of acacia has slightly improved the
thermal stability of the film, but the incorporation of urea
and gamma irradiation did not contribute any changes in the
thermal stability of the film.

From the figure, it has been found that each film shows
two degradation steps. The first step of weight loss could be
attributed to the loss of loosely bound water, accompanied by
the formation of volatile-disintegrated products. The second
step was mainly caused by the thermal decomposition of
the molecules, and the products were composed of small
molecular carbon and hydrocarbon [30]. St/PVA-based film
shows two major degradation stages, the onset of melting
occurred at 285°C where the film lost its 13% weight and
the offset of melting occurred at 364°C, and it degraded its
83% weight, and a 50% degradation took place at 324°C. In

TG (%)

100 200 300 400 500
Temperature (°C)

— St/PVA
— St/PVA/Ac

—— St/PVA/Ac/urea
— Irradiated St/PVA/Ac/urea

FIGURE 6: Comparison of TG of St/PVA, St/PVA/Ac, St/PVA/Ac/
urea, and irradiated St/PVA/Ac/urea film.

the St/PVA/Ac, the onset of melting occurred at 285°C where
the film lost its 9% weight, and offset of melting occurred at
364°C and it degraded its 84% weight, and 50% degradation
took place at around 327°C.

St/PVA/Ac/urea-based film, the onset of melting
occurred at 268°C where the film lost its 11% weight, and
offset of melting occurred at 355°C, and it degraded its
76% weight, and 50% degradation took place at 330°C,
whereas in the irradiated St/PVA/Ac/urea-based film, the
onset of melting occurred at 289°C where the film lost its
10% weight, and offset of melting occurred at 358°C, and it
degraded its 76% weight, and 50% degradation took place
330°C. So the thermogravimetry data shows almost similar
properties, and any noticeable change has not been observed
here.

3.6.2. DTA. Figure7 represents the differential thermal
analysis of St/PVA, St/PVA/Ac, St/PVA/Ac/urea, and irradi-
ated St/PVA/Ac/urea film. The incorporation of acacia has
slightly improved the thermal stability of the film, but the
incorporation of urea reduces thermal stability of the film.
Figure 9 shows that the DTA curve of St/PVA film depicts
two endothermic peaks at 104°C (1.78 uV) and at 303°C
(5.36 uV), which indicate the melting and decomposition
temperatures, respectively. The incorporation of acacia in the
St/PVA film increases the melting point and decomposition
temperature, and it occurred at 118°C (1.66uV) and at
314°C (4.43uV). This is because the polyphenol of acidic
acacia binds with the macromolecule of starch and form
compact structure which increases the thermal stability of
the film. Again, the DTA curve of the St/PVA/Ac/urea film
shows its melting point and decomposition point at 115°C
(=0.91uV) and at 312°C (3.00 uV).

Homogeneous polymer mixtures with a crystallizable
component usually show a decrease in experimental melting
points with the addition of the amorphous component,
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Figure 7: Comparison of DTA of St/PVA, St/PVA/Ac, St/PVA/Ac/
urea, and irradiated St/PVA/Ac/urea film.

because the interaction of the two polymers reduces the crys-
tallite size. Significant changes of DTA curves of the blend
films suggested the strong interactions among starch, PVA,
and urea molecules [30].The irradiated St/PVA/Ac/Urea film
depicts its melting point and decomposition point at 124°C
(—0.63uV) and at 313°C (2.87 uV). So after irradiation, the
thermal stability of the film slightly increased.

3.6.3. DTG. Figure 8 shows the differential thermogravime-
try of St/PVA, St/PVA/Ac, St/PVA/Ac/urea, and irradiated
St/PVA/Ac/urea film. DTG curve of the starch/PVA-based
film depicts one predominant peak at 315°C, where the
maximum degradation rate was 1.262 mg/min. DTG curve
of the St/PVA/Ac-based film depicts the predominant
peak at 314°C, where the maximum degradation rate was
1.042 mg/min; with urea-incorporated film, the degradation
rate increased to 2.386mg/in at 312°C, and the irradi-
ated St/PVA/Ac/urea film shows the degradation rate of
2.702 mg/min at 317°C temperature. From the figure, it is
evident that urea incorporation lowers the thermal stability
whereas the irradiated St/PVA/Ac/urea film shows a slightly
higher stability than nonirradiated film. The incorporation
of urea reduces the degradation temperature of St/PVA/Ac
blends, which means the decomposition of macromolecular
starch to enhance the plasticity of blend [42].

3.7. Soil Biodegradation. Figure 9 shows the comparison of
soil biodegradability of nonirradiated and irradiated St/PVA/
Ac/urea films. These films were buried into the soil to study
the degradation trend. The films were weighted individually
and buried in garden soil for 1 to 70 days. Moisture content
of the soil was maintained at around 15%—18%. After these
periods, the films were withdrawn cautiously from the soil,
washed, dried, and reweighed. At the end, the weight loss
of the samples was calculated. From the figure, it has been
found that irradiated urea incorporated film shows lower
degradation rate than the nonirradiated film.
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At initial stage, the biodegradation rate was higher. The
weight loss is influenced by the composition of the blend,
and by the nature of the microorganisms. The highest
values of weight loss were obtained due to the high content
of starch. During biodegradation, spherical holes appear
due to colonization by the degrading microorganisms. The
starch is first consumed by microorganisms, together with
the amorphous part of PVA. When the starch was almost
fully degraded, the PVA was also further degraded, but its
speed was slower than that of the starch molecule [31]. The
weak biodegradability of PVA could be partly caused by the
structure of the PVA (unknown stereoregularity of hydroxyl
groups) or by the degree of polymerization (comparably high
molecular weight).

From Figure 9, it has been observed that urea-incorpo-
rated film degraded faster than irradiated film. At 7 days,
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irradiated film loss was 54%, and the nonirradiated film
loss, 55% after 21 days, the weight loss reached to 67% for
previous and 72% for latter. Finally, after 70 days of burial
time, irradiated film loss was 91%, and the nonirradiated
film loss was 94%. The degradability of the gamma-
irradiated film was slightly lower than that of the nonradiated
film, as because of cross-linking, the gamma-irradiated film
produces a compact structure, which degraded at a lower
speed.

4. Conclusion

Addition of Ac extracts in starch/PVA- (60 :40) based films
contributed to the improvement of their mechanical proper-
ties. This St/PVA/Ac-based film lacks elongation property, so
further treatment was carried out with different percentage
of urea, and it has been found that 5% urea-incorporated
film shows optimum mechanical property (tensile strength
11 MPa and elongation at break 59%). Exposition of this
St/PVA/Ac/urea film to gamma radiation revealed that at
100 krad TS and EB of the film increased to 15 MPa and 69%,
respectively, compared to nonirradiated film. From TGA
analysis, it was found that urea addition in St/PVA/Ac-based
films increased the thermal decomposition, which indicates
lowering of thermal stability, but after gamma irradiation,
thermal stability slightly increased. The water absorption
behavior of St/PVA- and St/PVA/Ac-based film shows almost
a similar trend. When urea was added into the St/PVA/Ac-
based film, the absorption rate highly increased, and after
irradiation, the water uptake rate dramatically reduced. The
soil burial test of 70 days showed that the irradiated urea-
incorporated film degrades 91%, and the nonirradiated one
degrades 94%.
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