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Paddy straw is often burnt in the fields or disposed of in ways that cause extensive environmental pollution. The
present study focused on using paddy straw in bio-compostable composites fabricated with polyvinyl alcohol (PVA)
and thermoplastic starch blends as a matrix. Locally available paddy straw was chopped, cleaned and treated with 15%
NaOH solution for four hours. The alkali treatment produced changes in the crystal structure and surface morphology
of the paddy straw. Then, it was dispersed in blends of PVA and starch solutions containing polyethylene glycol
(PEG200) as plasticizer. The PEG200 acted as both plasticizer and compatibilizer, as evidenced by the single glass
transition peak and the lower melting point of the film cast from these blends. These composite films had higher
thermal stability, increased tensile strength, but also flexibility. These properties were associated with structure
development with strong hydrogen bonding interaction between the paddy straw and PV A-starch blends, which was

supported by results of characterization studies.
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INTRODUCTION

Conventional plastics have been wused
extensively for flexible and rigid packaging due to
their excellent barrier properties, optical clarity,
mechanical properties, sealability etc. However,
these have become a major source of pollution
largely because of the use-and-throw habits of
people. Packaging materials constitute almost
42% of plastic waste in the environment.! Hence,
extensive efforts have been made in recent years
to  substitute  packaging  plastics  with
biodegradable/biocompostable polymers.>
Researchers are looking at natural resources, such
as starch, cellulose, oil extracts etc. for
developing such eco-friendly materials.>”’

At the same time, there is ever-growing farm
waste being generated due to increasing
production. Farmers face a number of difficulties
for proper disposal of this waste and many of
them take to burning the residues after harvesting
the crop. As an example, paddy straw or stubble is
not properly disposed of in many states of India.

In order to mitigate this problem, it is essential
to make a value-added product out of such waste.

Starch based composites using paddy straw
appear to be an attractive route to properly utilize
this natural resource. Polyvinyl alcohol (PVA)
blended with starch has been explored by many
research groups, including the authors of the
present work, for the synthesis of biocompostable
films.*!" Starch is considered as an attractive
biodegradable filler due to its low cost, low
density, non-abrasive nature and biodegradability
characteristics. Starch is composed of amylose, a
linear polymer of a-1,4-linked glucose units and
amylopectin, a highly branched polymer of a-1,4-
linked chains interlinked with 1,6-linkages.'*"*
However, native starch exists in granular state
owing to hydrogen bonding between the adjacent
molecules. This leads to improper dispersion
within the plastic matrix, thereby leading to poor
composite properties.

Plasticization of starch with a suitable amount
of water and plasticizers to convert it into
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thermoplastic ~ starch  (TPS) to  improve
processability has been reported by a number of
authors.”'7 A number of plasticizers, such as
glycerol, sorbitol, polyethylene glycol (PEG),
urea efc. have been studied in the past.'*?
Polyvinyl alcohol (PVA) is readily mixed with
starch in aqueous medium and few reports are
available on solvent cast blends of PVA and
starch. However, PVA is also crystalline polymer,
which cannot be easily processed by melt
extrusion techniques.?' The effects of plasticizer
on PVA have not been reported extensively. The
previous studies* have revealed that the structure
of PVA/cassava starch was greatly affected by the
plasticizer used and the heat treatment given
during the film preparation. Incorporation of
natural fibers into polymer blends can lead to
considerable improvement in the mechanical, as
well as barrier properties.***

PVA-starch  blends incorporated  with
nanocellulose have been reported” to exhibit
improved mechanical performance. The fibers
used in making polymer composites usually have
to be pretreated, so as to increase interfacial
bonding. To improve the interfacial adhesion
between natural straw and the polymer, some
technologies are used to modify the surface
structure of the straw, including physical methods
(such as gamma radiation or corona),”*?’ as well
as chemical methods,?®** such as pretreatment of
straw surfaces by coupling agents, such as silanes
and isocyanates, and/or modification of the matrix
by grafting with reactive moieties, such as acrylic
acid, maleic anhydride, efc. In our earlier studies,
banana fibers treated with alkali exhibited higher
tensile strength in polypropylene  hybrid
composites.* In the present investigations, the
paddy straw was also pretreated before use. The
effect of alkali treatment on the structure
development has also been investigated. The
present studies are mainly focused on the effect of
incorporating paddy straw on the structure
development and properties of PVA-starch
blends.>'** These results are expected to lead to
optimizing the composition and processing for

improving the properties of composites made
from PVA starch and paddy straw. All the
materials are readily available and eco-friendly,
while the process for making the composites is
easily adaptable to the farm environment, and
thus, our study is expected to provide a solution to
the existing problem of paddy straw disposal.

EXPERIMENTAL
Materials

Paddy straw obtained from the fields of Punjab
Agricultural University, Ludhiana, India, was first
chopped, then washed with copious amounts of water
and dried in an air circulating oven. This was used for
further experimentation. PVA of M.W. 14000 and
degree of hydrolyzation of 86-89 mole%, was supplied
by Thomas, India. Corn starch was supplied by Ridhi
Sidhi Co., India. Polyethylene glycol (PEG 200),
NaOH and other chemicals were procured from Loba
Chemie, and were used as such. Deionised water was
used for making blends and casting films.

Preparation of formulations

The cut and dried paddy straw was first treated
with alkali at different concentrations (Table 1) at 55
°C for 4 h. This mass was filtered and then dried
thoroughly at 55 °C in an air circulating oven as
before. The process flow chart for the preparation of
the PV A-starch composite with paddy straw is given in
Scheme 1.

In 200 mL of water, 10% of starch (w/w basis) was
added, mixed with a stirrer and heated to constant
temperature of 60 °C, followed by continuous stirring
for 4 hours to obtain a clear solution. The PVA
solution was prepared separately by addition of 10% of
PVA powder to 200 mL of water (w/w basis) under
continuous stirring and heated to constant temperature
of 60 °C. This was further stirred thoroughly for 4
hours to obtain a clear solution free from turbidity. The
two solutions were then mixed in different proportions,
as given in Table 2. The treated paddy straw was first
ground, then dispersed in the solution containing PVA
(14000 MW) and corn starch in different proportions
with plasticizer (polyethylene glycol PEG200) (see
Table 2), mixed thoroughly and cast in flat plastic
trays. The plasticizer concentration was kept at 20%
with respect to solid for all compositions. These were
dried at 55 °C for four hours.

Table 1
Rice straw alkali treatment process
Sample NaOH Temperature  Time
no. concentration (%) (°O) (min)
1 5 55 240
2 10 55 240
3 15 55 240
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Scheme 1: Process flow chart for sample preparation

Casted films

Composites

Table 2
Film casting formulations
Sample Starch PVA Paddy straw  PEG
code (% total) (% total) (% total) (%)
0 3 (40%) 4 (53.3) 0 0.5
1gUT 3 (35.3%) 4 (47.06%) 1 (11.75%) 0.5
2g UT 3 (31.57%) 4 (42.10%) 2 (21.05%) 0.5
3gUT 3 (28.57%) 4 (38.09%) 3 (28.57%) 0.5
4g UT 3 (26.08%) 4 (34.78%) 4 (34.78%) 0.5
1gT 3 (35.3%) 4 (47.06%) 1 (11.75%) 0.5
2g T 3 (31.57%) 4 (42.10%) 2 (21.05%) 0.5
3gT 3 (28.57%) 4 (38.09%) 3 (28.57%) 0.5
4g T 3 (26.08%) 4 (34.78%) 4 (34.78%) 0.5

Note: UT = untreated paddy straw powder, T = alkali treated paddy straw powder

The thickness of every composite film was
calculated by using a digital micrometer (model QLR
digit-IP54, Qinghai, China) to the nearest 0.0001 mm.
Measurements were taken at ten random places of the
films. Thus, the average thickness of each film was
determined. The sheets were peeled off, cut to size,
characterized and tested for different mechanical and
thermal properties.

Physico-chemical and mechanical characterization
Wide angle X-ray diffraction (WAXD)

Wide angle X-ray diffraction (XRD) analysis was
carried out using an X-ray diffractometer (Philips
X’Pert MPD, Japan), which had a graphite
monochromatic beam, and a Cu Ka radiation source
operated at 40 kv and 30 mA. The basal spacing or d
001 reflection of the samples was calculated from

Bragg’s equation by monitoring the diffraction angle
20 from 5° to 50°.

Scanning electron microscopy

The morphology of PVA-starch-paddy straw
composite films was analyzed by using a JEOL JSM-
6360LA scanning electron microscope (JEOL Ltd.,
Tokyo, Japan). Both treated and untreated paddy straw
particles were dispersed on the stub, followed by
sputter coating. The composite films were also
observed and micrographs were recorded at
magnifications from 350 to 1000X.

Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR)
spectra were examined in attenuated total reflection
mode (ATR) and the data were converted internally in
transmittance (T, %). Spectrograms of all the samples
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were recorded from 400 to 4000 cm™', with 32 scans at
a resolution of about 8 cm! on an Alpha FTIR
spectrometer (Bruker UK Ltd.).

Thermal properties

The melting, crystallization and thermal stability of
PVA-starch-paddy straw composites were studied
using differential scanning calorimetry (DSC 7020
Hitachi, Ibaraki, Japan) and thermogravimetric
analysis (STA7200 Hitachi, Ibaraki, Japan),
respectively. The samples for DSC analysis (5-10 mg)
were initially scanned from 30 °C to 200 °C under
nitrogen atmosphere, at a heating rate of 10 °C/min, to
erase the previous thermal history. Subsequently, the
sample was held at 200 °C for 1 minute, cooled to 30
°C and rescanned from 30 °C to 200 °C. The
corresponding glass transition temperature, melting
temperature, heat of fusion and crystallization
temperature were recorded. The thermal stability of the
PVA-starch-paddy straw composites was determined
using TGA with samples of 5 mg weight, scanned
from 30 °C to 700 °C, at a heating rate of 10 °C/min in
nitrogen atmosphere. The onset and final degradation
temperature and the corresponding percentage weight
loss for the samples were noted. Differential
thermogravimetry (DTG) as well as differential
thermal analysis curves were also recorded for
determining the exact transition and peak temperatures.

Mechanical characterization

The tensile strength and elongation at break of the
PVA-starch-paddy straw composite films were
assessed by utilizing a double column texture analyzer
(Stable Micro Systems, Model: TA.TXT Plus). The
tension test was employed to ascertain the tensile
strength of the composite films. The strain value was
set at 50 per cent and grip separation was set at 50 mm,
with a cross-head speed of 20 m/min. The tensile
strength and elongation at break were estimated
according to standard procedures. Three test specimens
were used and the average value was determined.

Water vapour transmission rate (WVTR)

WVTR is a film barrier property, and it was
assessed by using the desiccant method ASTM E96. A
desiccant (anhydrous CaCl,) was put in a Petri dish
and the film was placed over the opening of the Petri
dish and the dish was sealed with the help of silicon
grease. The initial weight of the Petri dish was
measured at room temperature and afterwards, it was
put in a desiccator carrying saturated sodium chloride
solution at the bottom, thereby maintaining a relative
humidity of 90%. Subsequently, the desiccator was put
inside an incubator at 38 + 1 °C for 7 h. The gain/loss
in weight was checked at regular intervals, which was
due to the absorption of the moisture that permeated
through the film. WVTR was determined by using the
formula WVTR = 24 x (Mg/tA), where Mg is the mass
gain/loss in g, t is the time in h, and A is the surface
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area in m?, which was estimated from the diameter — in
this case, it was 0.09 m.

RESULTS AND DISCUSSION
XRD analysis

The alkali treatment of paddy straw resulted in
the removal of lignin and the colour changed from
brown to pale yellow. There was also an increase
in the fluffy nature of the straw powder. The
structural changes in the straw due to the
treatment were investigated. @The XRD
diffractograms of untreated and alkali treated
paddy straw are compared in Figure 1. It is seen
that the untreated (UT curve) exhibits two major
peaks, but after the alkali treatment, the peak at
16.2 degrees is considerably suppressed (curve
TR). The overall intensity of the main peak at
22.5 is also reduced, suggesting that the
crystallinity is reduced after the alkali treatment.
There are several crystalline forms of cellulose
(cellulose 1, II, III and IV), having different lattice
parameters.*>~® The peaks can be assigned to the
crystal forms of cellulose, which is the main
constituent of straw and stubble. The crystal form
I of cellulose is the most common and dominant
in nature. The three peaks observed at 16, 22 and
25 degrees in untreated paddy straw can be
assigned to reflections from (0-11), (002) and
(004) planes respectively. The small sharp peaks
superposed near 25 degrees are due to
impurities/silicates. After the alkali treatment, the
peak at 16 degrees is considerably suppressed. In
fact, this is a composite peak, with reflection from
Ia as well as IB forms.?” It may be pointed out that
the alkali concentration used of 10% and the
temperature of 50 °C caused penetration of the
alkali inside the straw matrix, leading to breakage
of hydrogen bonds, especially in the
hemicellulose regions. This led to removal of
lignin and hemicelluloses, yielding a purer
cellulose product.

The XRD diffractograms of the PVA-starch
with different concentrations of paddy straw are
compiled in Figure 2. In this system, both starch
and cellulose are crystalline and polymorphic.
With the addition of paddy straw (cellulose II),
the crystal form of starch changes from Va to Vh
+B type. The main diffraction peaks of the
composite films were observed at 15° and 22.5°,
representing the crystalline polymorph I cellulose,
which is the dominant form of cellulose in
nature.”® The XRD diffractograms for the PVA-
starch-paddy composite films containing 60%
PVA, 40% starch with 12% PEG and different



amount of paddy straw (PS) indicated as 1gT,
2g¢T, 3gT and 4gT corresponding to 11.75%,
21.05%, 28.57% and 34.78% of total,
respectively. It is seen that there are mainly two
major peaks at 20 of 20.2 and 22.5 degrees, with
additional small peaks at 9.8, 13.4, 16.5 or 17.2
and 41.1 degrees. It is seen that the peaks in the
range from 7 to 16 degrees decrease in intensity,

Composites

while those at 20.2 and 22.5 increase in intensity
with the addition of paddy straw. There is a slight
shift of the peaks in the presence of paddy straw.
These changes suggest that the crystalline
structure of starch gets modified in the presence
of paddy straw. The increase of certain reflections
indicates that there may be nucleation effects,
which are discussed later in this paper.
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Figure 1: XRD diffractograms of paddy straw before

(UT) and after treatment (TR)

Scanning electron microscopy

The surface structure of the untreated and
treated paddy straw was observed under FE-SEM.
Figure 3 (A and B) shows the SEM images of
untreated and alkali treated paddy, respectively.
There is considerable surface roughening and
modification by the alkali treatment. This leads to
better coverage of the straw by the polymer, as
seen in Figure 3D, as compared to the polymer on
the untreated straw (Fig. 3C). This can lead to
further nucleation effects in the treated paddy
straw containing composite. Better straw—polymer
matrix interaction can lead to improvement in
mechanical properties. These aspects are
discussed below in the paper.

FTIR analysis of films

The effect of alkali treatment on the chemical
structure modification of the paddy straw is seen
in the FTIR spectra depicted in Figure 4. It is seen
that with increasing alkali concentration in the
treatment, the absorption bands at 1010, 1220,
1620 and 1680 cm™ decrease considerably, while
the band at 998-987 cm”' becomes more
pronounced. The broad band at 3300-3400 cm
corresponding to —OH decreases after the alkali
treatment. These changes can be attributed to the
removal of the lignin and surface modification
with partial replacement of the —OH groups of
cellulose by —ONa.

Figure 2: XRD of paddy straw-PVA-starch

composites containing different concentrations of

treated paddy straw (legend as per Table 2)

Figure 5 (A and B) shows the FTIR spectra of
various film samples containing different
concentrations of paddy straw with and without
treatment, respectively. The FTIR spectra of the
composite film displayed characteristic peaks
within the range of 3550674 cm™. The peak at
about 3307-3240 cm™ is due to hydroxyl group
(O-H) stretching, which is affected by hydrogen
bonding. The various peaks noted in the FTIR
spectra are listed and assigned in Table 3. The
peak at 1640 cm™ is associated to O—H stretching,
which gives another confirmation of nucleation.
The characteristic absorption peaks at 995-1123
cm’ indicated C—O-C stretching in the film due to
starch bonding (Table 3).

Figure 6 depicts the FTIR spectra of the paddy
straw filled PVA-starch films in the carbonyl
region, where (A) is for the untreated and (B) is
for the treated straw containing samples. The
absorption band in this region has three
components, which indicates the hydrogen
bonding present, wherein the lower frequency
component (1644 cm™) is due to intermolecular
hydrogen bonding, while the higher frequency
(1732 ecm™) component is due to intramolecular
hydrogen bonding and the central peak is from the
unbonded group.*** It is further seen that the
intramolecular hydrogen bonding component
becomes higher for the treated straw, which
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indicates these samples contain a higher number
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Figure 3: SEM images of (A) untreated and (B) treated paddy straw, and of PV A-starch composites
containing (C) untreated and (D) treated paddy straw
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Figure 4: FTIR spectra of paddy straw alone with and without treatment (UT) — numbers indicate the concentration of

alkali used for treatment
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Figure 5: FTIR spectra of composite films with (A) untreated straw, (B) treated straw (legend as per Table 2)
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Table 3
Analysis of FTIR spectra and assignment of different bands

Composites

Peak wavenumber (cm™')

Untreated Treated Assignment Remarks
3307 -OH PVA
3242 3240 -OH H bond
2902 2950 -CH2 Starch
2840 -CH2 Cellulose II
2353 2347 Starch
2302 2304 Starch
1714 1746 -COONa Alkali treat
1691 1694 -C=0 Bound
1641 1640 -OH Bound water
1508 1530 C-0 Starch
1447 1440 -CH Cellulose II
1229 1231 Starch
1123 C-0-C Cellulose II
1059 1053 C-OH Starch
1008/977 995 C-0-C Starch
830 Starch
774 789 Starch
671 674 Starch
— 19U ——1gT
2V —2gT
—3guU —3gT
—4gu —4gT
1500 1600 1 709 1800 1900 1500 1600 1709 1800 1900
cm’ cm’

A)

B)

Figure 6: FTIR spectra of paddy straw filled samples in the carbonyl region 1600-1800 cm'!
(A) for untreated, and (B) treated paddy straw

Differential scanning calorimetry analysis

The differential scanning calorimetry (DSC)
scans for the first heating cycle of PVA-starch
samples containing treated paddy straw are shown
in Figure 7. The DSC scans for the same samples
after final melting, followed by the second
heating cycle are shown in Figure 8.

In Figure 7, there is a broad endotherm near
110 °C, which is affected by the entrapped
moisture in the films and hence, it is broad near
the glass transition temperature of PVA. In the
second heating cycle, after melting (180-200 °C)
of PVA and starch, the broad peak disappears (see
Fig. 8) and the glass transition (Tg) of the main
matrix without moisture becomes evident as a
step near 55 °C. Since the samples contain PEG
as compatibilizer and plasticizer for the PVA-
starch matrix, there is lowering of Tg from its

original value of 67 °C for PVA.*' It is interesting
to see that the Tg in the composite shifts from 55
°C to a higher temperature (63.7 °C) with the
increase of paddy straw concentration. Also, the
melting peak is sharp, appearing at 195 °C in the
second heating cycle. The melting point is lower
than that of pure PVA or starch due to the
plasticizing effect of PEG.* Also, it is seen that
there is a single melting peak, which suggests that
PEG is also a good compatibilizer for this blend.
The shift in Tg is more clearly seen in Figure 9,
which presents the DSC scan of the second
heating in PV A-starch-paddy straw composites in
the Tg region (40-65 °C). The incorporation of
paddy straw leads to a high level of hydrogen
bonding, giving rise to virtual cross-linking,
stiffening and tight entanglement of the fibers
with the polymer, which leads to a shift in Tg to
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higher temperature with the increasing paddy
straw concentration.

The cooling curves for the PV A-starch-paddy
straw composites are shown in Figure 10. It is
interesting to see that the crystallization peak,
which is single, suggests that there is no phase
separation in the polymer matrix. This also
supports the plasticization and compatibilizing
effect of PEG added to the matrix. Further, the
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Figure 7: DSC first heating scan for paddy straw-PVA-

starch composite
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Figure 9: DSC scan in the Tg region for paddy straw-

PV A-starch composite

Thermal characterization
Thermogravimetric analysis (TGA)

Thermal stability plays a wvital role in
biopolymer-based packaging material. The typical
thermograms are presented in Figure 11. The
addition of straw clearly increases the thermal
stability in the starch-PV A blend. The degradation

1080

crystallization peak temperature shifts from 165
°C to 172.3 °C, which is indicative of the
nucleating effect for polymer -crystallization,
which is observed in other fiber filled polymers as
well.#** This is also associated with the good
coverage of the paddy straw surface by the
polymer and hydrogen bonding between the two
components.

PVA-Starch-Straw 2nd

-100

-200

-300

<< endo

-400 -

-500

-600

=700

Heat Flow (uW)

-800

-900

T T
20 40 60 80 100120140160 180200220240
Temperature (°C)

Figure 8: DSC second heating scan for paddy straw-

PV A-starch composite
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Figure 10: DSC cooling scans showing shift in the

crystallization peak (Tc)

temperature shifts by almost 20 °C for 28% straw
addition. The temperature of the biocomposite
films was compared at 10 and 50% weight loss
(maximum weight loss), as presented in Table 4.
The results revealed a remarkable thermal
behavior of the biocomposite films, which
required higher temperature for an initial 10%



weight loss. The onset of degradation shifts from
267 to 272 °C, while the peak degradation
temperature increases from 310 °C to 329 °C with
the addition of paddy straw. The higher thermal
stability in the PVA-starch-paddy straw
composite can also be associated with the strong
bonding and tight matrix formation due to the
adhesive effect of the polymer used. The thermal
degradation behavior is exemplified in the DTG
curves shown in Figure 12. It is evident that the
weight loss takes place in three steps, first is due
to the evaporation of moisture and low molecular
weight plasticizer evolution, the second due to the
degradation of the polymer matrix and the third is
due to the degradation of the cellulose/starch
component. The major peak in DTG is seen to
shift to higher temperature with the addition of

Starch-Straw-PVA

0 -
— (.0
-20 - m—1.0g
3 2.0g
3.0g
§ —4.0g
S 40 A
=
2
L -60
2
-80 -
-100 T T T T T T T

20 120 220 320 420 520 620 720

Temperature (°C)
Figure 11: TGA curves for paddy straw-PVA-
starch composites

Composites

paddy straw, which is in agreement with the
observations made above.

Differential thermal analysis (DTA)

The thermal transitions taking place during
heating of the PVA-starch paddy straw composite
films are seen in the differential thermal analysis
(DTA) curves shown in Figure 13. It is interesting
to note that the DTA curves give all
thermodynamic transitions with and without
weight loss. Hence, the transitions near 100 °C
and below 200 °C are due to glass transition and
melting of the polymer matrix, while those above
200 °C, occurring at 300 -320 °C and 400 °C, are
due to breakage of chains in the matrix and the
fiber.

DTG Straw-PVA-starch

1000

800

— N\ O

600

400

200
oiﬂ‘W'

100 200 300 400 500 600 700

DTG (ug/min)

Temperature (°C)

Figure 12: DTG curves for paddy straw-PVA-
starch composites

DTA-PVA-Starch-Straw

DTA (uV)

-10 T T

100 200 300 400 500 600 700
Temperature (°C)
Figure 13: DTA curves of paddy straw-PVA-starch composites
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Table 4

TGA data: composite films and their degradation temperature

Sample

Degradation temperature (°C)

0.0
1.0 (1gT)
2.0 (2¢T)
3.0 (3gT)
4.0 (4¢T)

310.4
322.7
335.2
330.0
329.2

It is interesting to note that the latter show a
shift to higher temperatures by the addition of
paddy straw to the PV A-starch matrix. It may be
pointed out that higher thermal energy is required
for the degradation of the paddy straw composite
than for the PVA-starch matrix alone, as there is
an upward shift of these curves in the former case
with respect to latter.***

Mechanical properties of PVA-starch-paddy
straw composites

The mechanical response of these composite
thin sheets is depicted in Figure 14 (A and B), for
the samples containing untreated and treated
paddy straw. It is seen that, in both cases, the
tensile strength increases, while the elongation (or
displacement) decreases with the addition of
paddy straw. These changes are more pronounced
in the treated paddy straw containing composites.
The values of tensile strength and elongation
derived from these graphs are tabulated in Table
5.

The mean value of the tensile strength of
PV A-starch-paddy composite increased, while the
elongation decreased with the addition of paddy

PVA-Starch-Paddy

100

m— UT
e 2UT
3UT
4UT

80 4

60 -

Load (KN)

40

20

2 3 4
Displacement

A)

straw. As indicated earlier, the treatment of paddy
straw creates surface medication and more
coverage by the polymer matrix with greater
interaction/binding of the straw fibers. It may be
mentioned here that, in the present case, PEG has
been incorporated as plasticizer, which can assist
in improving the elongation, as compared to pure
starch or PVA matrix. These two components in
the polymer matrix are known to be stiff, with
very low elongation at break.'*** J. Liu et al.*®
reported studies on rice straw-starch composites,
in which they found that the flexural strength was
in the range of 1.5 to 3.5MPa for starch content of
10 to 12%. The moisture absorption was almost
10% within 24 h. J. Guzman et al.* have reported
the properties of thermoplastic corn starch
reinforced with barley straw using glycerol as
plasticizer. They found the tensile strength to
increase from 4 MPa to 7 MPa for barley straw
concentration of 15%. However, the moisture
absorption was very high >100% in 24 h. M.
Ramirez et al.*® have investigated cassava starch
composite with eucalyptus wood particles using
30% glycerol as plasticizer.

PVA-Starch-Paddy

100 = PVA-St-PEG
s + TP

+TP2

+TP3
— TP

80 1

60

Load (KN)

40

[~
,-u-n"
/
2

20 4

0 ¢
0

4 6
Displacement

B)

Figure 14: Mechanical response of PV A-starch composite sheets containing (A) untreated and (B) treated
paddy straw (numbers in the legend indicate the weight of paddy added)
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Table 5
Mechanical properties of PV A-starch-paddy composites
Tensile strength Elongation
Sample (MPa) (%)
PVA-starch-PEG 0.89 24.8
Treated 1g 1.7 26.8
Treated 2g 1.86 26.0
Treated 3g 4.01 9.6
Treated 4g 3.99 9.2
Untreated 1g 0.83 29
Untreated 2¢g 2.29 21
Untreated 3g 3.69 7.5
Untreated 4¢g 3.85 5.5
Table 6
WVTR of PVA-starch-paddy composite films
Sample WVIR
(g/m?/day)

Control 117.32

Treated 1g 62.12

Treated 2g 75.33

Treated 3g 65.44

Treated 4¢g 52.68

Untreated 1g 50.17

Untreated 2¢g 38.57

Untreated 3g 46.23

Untreated 4g 54.57

They obtained the tensile strength between 1.9
MPa and 4.5 MPa for compression molded sheets.
The moisture absorption was 7% after 24 h. Our
findings are more or less similar to these reports,
except that the elongation at break is superior in
the present case (26%) to those reported by these
authors (9.6%). Since PEG is a good plasticizer as
well as compatibilizer, which has been discussed
in earlier sections, more flexibility is imparted in
the present samples.

Water vapor transmission rate (WVTR)

The WVTR plays an important role in
packaging applications, as well as in the
biodegradability of materials. The values of
WCTR for the present samples are shown in
Table 6. It is seen that the incorporation of paddy
straw decreased the WVTR considerably, as
compared to the control films, ie. plasticized
PV A-starch films. The reduction in the WVTR of
PVA-starch-paddy straw composite films can be
attributed to the increase in the tortuous path for
the water molecules due to the intermeshing of
the straw fibers, leading to less diffusivity. This is
similar to the reduction of WVTR reported in
nanofiber or nanoclay composites.’’? It can be

noted that the WVTR in the case of untreated
paddy straw containing samples is slightly lower
than in that of the treated paddy straw samples.
Since the untreated straw contained lignin, as well
as some waxy surface, this led to its hydrophobic

nature, causing repulsion of water vapor.
Nonetheless, the PVA-starch-paddy straw
composite films exhibited lower WVTR

compared to other biopolymers, such as PLA
(WVTR = 177),” but not so low as that of
polyethylene (WVTR 17).  This is
advantageous in retaining freshness of green
vegetables stored in packs made from PVA-
starch-paddy straw (average WVTR = 60).

CONCLUSION

The findings of the present study on the
development of PVA-starch-paddy  straw
composites bring out the possibilities of
effectively utilizing paddy straw in an eco-
friendly manner. The internal structure
development in the straw after its treatment and
then, within the polymer matrix, are discussed in
this paper. The changes in the crystalline phase,
plasticization and the compatibilizing effect of
PEG yielded a good material, with flexibility,
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toughness and low water permeation. The thermal
stability considerably improved by the addition of
paddy straw to the PVA-starch matrix. There is
also improvement in mechanical properties and
lowering of WVTR. Moreover, sufficient
diffusivity was observed to label the materials as
“breathing”, which is needed for storage of green
produce. All these properties are very appropriate
for bio-compostable packaging materials. It may
be noted that the materials used are easily
available on the farm and no complex machinery
is needed to make the sheets. It is planned to
make large sheets and hand mold items like trays,
boxes, bowls etc. using these materials with the
help of farm labour, so as to demonstrate the
applications in an agricultural environment.
Further studies are underway to explore these
applications in the near future.
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