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ABSTRACT: The utilisation of waste materials in polymer matrices is gaining attraction
due to the growing environmental awareness. In this work, eggshells waste was added into
pobyvinyl alcohol to produce biocomposite films via solution casting method. In order to
enhance the properties of the biocomposite, glutaraldehyde (GA) was incorporated as the
crosslinking agent. The effects of GA content on the biocomposite were evaluated in terms
of its tensile properties, physical properties and biodegradability. From the tensile test,
the optimum GA content was found to be 2 phr as portrayed by the highest tensile strength
at this GA content. Further addition of GA deteriorated the mechanical properties of the
biocomposite. On the other hand, the water absorption, water vapour transmissibility
and biodegradability (via natural weathering and soil burial) of the biocomposite films
decreased with GA addition.

Keywords: Polyvinyl alcohol, eggshell powder, biocomposite, solution casting,
glutaraldehyde

1. INTRODUCTION

The application of polymer composite materials has been practiced for centuries in
almost every field such as electronic, automotive, medical and packaging industries.
The growing awareness towards the environmental impact of polymer usage has
led to the research and industrialisation of biocomposites. Mass production of
polymeric materials is associated to the depletion of fossil fuels, pollutions and
persistent polymer degradation. A composite material made up of at least one
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renewable or natural origin component is classified as a biocomposite.! Polymer
matrices, either synthetic or bio-based (from plants or animals), combine with
natural fibres or inorganic fibres to form biocomposites. A biopolymer is considered
as one of the environmentally friendly polymers owing to its biodegradable quality.
Moreover, a biodegradable polymer is prone to natural decomposition from
microorganism activities, hydrolysis and photodegradation.> Polyvinyl alcohol
(PVA) is a synthetic biodegradable polymer, which is attributed by the presence
of hydroxyl group in the backbone, making it vulnerable to hydrolysis. PVA is
widely used in fibres, textiles, coatings, adhesives and biomedical industry.

Despite being biodegradable, PVA still demonstrates good mechanical and
acceptable barrier properties, depending on the degree of hydrolysis and its
molecular weight.> Recent literature works revealed that PVA has been widely
incorporated in composites and blended with various polymers and additives in
order to tailor its properties accordingly to specific applications. Chin et al. had
reported on the extraction of microcrystalline cellulose from rice straw via cyclic
alkaline and bleaching treatment, and its incorporation in PVA biocomposite
films through solution casting process.* The tensile strength and young modulus
of the films improved up to 7.5 wt% with the microcrystalline cellulose addition,
attributed to the high surface area of filler, uniform dispersion and good interfacial
adhesion.

A study on the mechanical properties of PVA composites by Kumar et al. displayed
the tensile properties and moisture uptakes of three different composites: PVA with
untreated kenaf, PVA with treated kenaf and PV A with starch.’ The highest tensile
strength was demonstrated by the PVA/starch composite, which also exhibited a
lower moisture uptake than the PVA/kenaf composite. Gaaz et al. reviewed the
properties and applications of PV A and halloysite nanotubes (HNT), as well as their
nanocomposites.® The PVA/HNT composites were fabricated via electrospinning
using a twin-screw extruder and two roll mills. The biocompatibility, non-toxicity
and flexibility demonstrated by the composites elevate their potential in biomedical
applications. Regarding the mechanical properties of the composites, the tensile
strength decreased but the young modulus increased with increasing HNT ratio.
Besides, the thermal properties of the PV A was also enhanced by the HNT addition.
Meanwhile, Alias et al. worked on the development of new biocomposite based
on PVA and palm kernel shell powder applications.” The incorporation of palm
kernel shell powder deteriorated the tensile strength and elongation at break of the
biocomposite. However, its water absorption and biodegradability properties were
enhanced owing to the hydrophilic nature of the natural filler.’
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Nonetheless, one of the drawbacks of composites with natural fibres and waste
materials incorporation is the loss of the composites tensile strength. To address
the deficiency, various additives may be added. Crosslinking agents such as
glutaraldehyde (GA) and silane are added in PVA and its composites to introduce
crosslinking within the matrix, resulting in improved mechanical and barrier
properties.® Deneke et al. investigated the application of GA as an alternative
crosslinking agent in PV A (containing bovine albumin serum) hydrogel membranes
via ultraviolet irradiation method. The GA-crosslinked membranes demonstrated
excellent performance owing to their ability to retain structural integrity in released
buffer as well as consistent thermal degradation.” On the other hand, Hussein
et al. studied the effects of crosslinking agent ration and temperature on the degree
of swelling in polymer hydrogels by mixing graft polymer of PVA and urea with
hydroxypropyl methylcellulose and GA. With increasing GA content, the swelling
ratio decreased. Moreover, it was found that the increasing crosslink density in
composites has also resulted in higher melting temperature. '

To the best of the authors’ knowledge, no research works have been reporting on
the incorporation of GA as a crosslinking agent in PVA/eggshell powder (ESP)
biocomposites. Thus, in this work, the application of GA crosslinking agent in
PVA/ESP biocomposite was investigated based on the tensile, physical and
biodegradation properties of the biocomposite. This study focuses to improve the
strength of the biocomposite without compromising its biodegradability.

2. EXPERIMENTAL

2.1 Materials

PVA with a density of 1.3 g cm™® and average molecular weight of
89000 g mol! to 98000 g mol”!, and hexamethylenetetramine (HTMA) with
molecular weight of 140.19 g mol were supplied by Sigma-Aldrich (M) Sdn.
Bhd. (Kuala Lumpur, Malaysia). Meanwhile, chicken eggshells were collected at
a canteen in the Universiti Sains Malaysia (USM), Penang, Malaysia. GA, glycerol
(density of 1.25 g cm™), and Tween 80 were purchased from Merck Sdn. Bhd.
(Petaling Jaya, Malaysia). GA and HTMA were used as the crosslinking agent and
reagent respectively in this study. Meanwhile, glycerol functioned as a plasticiser
in the composite to improve its flexibility and aid in the processing. Tween 80
on the other hand acted as a deformer and paraffin wax to provide smooth film
surface. Deionised water was used as the solvent for solution casting. Generally,
all chemicals involved were of analytical grade.
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2.2 Preparation of Biocomposite Films

ESP was prepared by cleaning chicken eggshells thoroughly with tap water,
followed by drying at room temperature for 24 h. Grinding process was then
carried out by using a mini crusher (Model C03-43B0, Chyun Tseh Industrial
Co. Ltd, Taichung, Taiwan) to produce ESP. The ESP was sieved using a sieving
plate of 75 pm mesh size, dried at 70°C for 24 h, and kept in a desiccator for
further use. The biocomposite films were prepared via solution casting method.
PVA was firstly added into a beaker of 200 ml deionised water and the mixture
was stirred for 10 min at 95°C. Subsequently, ESP was added and the stirring
was continued for 10 min. Additives were then added and the mixture was stirred
for another 10 min. At the end of the process, the solution was cast over a glass
plate and left to dry for overnight at room temperature, forming biocomposite
film. The film was further dried in an oven at 70°C for 2 h, before being peeled
off and kept in a desiccator until further characterisation was conducted. PVA/
ESP biocomposites were prepared using variable GA contents with fixed weight
percentage of PVA/ESP at 80/20 wt%. The biocomposite films formulation used
is as shown in Table 1.

Table 1: Formulation of biocomposite films.

PVA ESP GA Glycerol Tween 80 HTMA
Composition Actual Actual Actual Actual Actual Actual
weight (g) weight (g) phr weight (g)  weight (g) weight (g) weight (g)

80/20/0 8 2 0 0.0 1.5 0.1 0.6
80/20/1 8 2 1 0.1 1.5 0.1 0.6
80/10/2 8 2 2 0.2 1.5 0.1 0.6
80/20/3 8 2 3 0.3 1.5 0.1 0.6
80/20/4 8 2 4 0.4 1.5 0.1 0.6

2.3  Characterisation of Biocomposite Films

2.3.1 Tensile test

The tensile properties of the biocomposite films were determined using
Instron 3366 testing machine (Petaling Jaya, Malaysia), operated at crosshead
speed of 50 mm min! and load cell of 10 kN at room temperature. The gauge
length was set at 50 mm. Prior to testing, the biocomposite films were cut into
dumbbell-shaped specimens (ASTM D638) and their thickness was measured.
An average tensile strength from five repeated tests was recorded for each
composite composition.
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2.3.2 Surface morphological study

Prior to morphological observations, the specimens were mounted on aluminium
stubs and sputter-coated with thin gold layer in order to prevent electrostatic
charging and poor resolution. The surface of each biocomposite film was observed
by using a field emission scanning electron microscope (FESEM) (Model Zeiss
Supra 35VP) (Oberkochen, Germany).

2.3.3 FTIR analysis

The functional groups present in the specimens were evaluated via Perkin Elmer
Fourier transform infrared (FTIR) spectroscopy (Boston, United States) equipped
with attenuated total reflectance (ATR) mode in the range of 400-4000 cm™.
The mean peaks obtained within 16 times scanning were used for further analysis.

2.3.4 Water absorption test

Water absorption test (ASTM D570) was carried out by immersing the specimens
in distilled water at room temperature. After 24 h, the water adhering on the
specimen surface was removed and the weights of the specimens were measured.
The water absorption percentage was calculated as:

Wi (%) = [(W;—W;) / W;] x 100 )]
where W, is the final specimen weight and W, is the initial dry weight of specimen.

2.3.5 Water vapour transmissibility test

Water vapour transmissibility test was conducted by sealing the biocomposite film
over a container containing 30 ml distilled water. The initial weight of the set-up
was recorded before it was placed in a desiccator at room temperature. The set-
up was weighed daily until a constant weight was achieved. The average value
of set-up weight was calculated using Equation 2, representing the WVT of each
composite composition.

WVT=(G/t)/A Q)

where G is the weight gain of set-up, t is the test duration, and A is the total test
area.
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2.3.6 Biodegradability test via natural weathering and soil burial methods

The specimens for biodegradability test were cut into dumbbell shape according
to ASTM D882 (Type IV) and the initial weights of the specimens were recorded.
For the natural weathering test, the specimens were exposed to natural weather
for 14 days, while for the soil burial test, the specimens were buried in natural
soil for 4 days. Both tests were conducted at the School of Materials and Mineral
Resources Engineering, USM. The final weights of all specimens after the
biodegradability tests were recorded and the changes in weight were determined.

3. RESULTS AND DISCUSSION

3.1  Tensile Properties

Figure 1 displays the tensile strength results for the PVA/ESP biocomposite with
different GA compositions. It was found that the highest tensile strength was
achieved at 2 phr GA content incorporation into the biocomposite. The tensile
strength of the biocomposite decreased as higher amount of GA was added.
Theoretically, when a low content of GA was added, crosslinks may not be formed
at a high degree as some of the aldehyde groups in GA are not reacted. At the
optimum GA content of 2 phr, the formation of crosslinks is promoted at both
aldehyde sides. However, when the GA content was increased to beyond 2 phr,
there is a tendency of over-crosslinking that may result in the deterioration of the
mechanical properties of the biocomposite. Similar finding was reported by Ismail
and Zaaba for sago starch crosslinked plastic films.!!
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Figure 1: Tensile strength of PVA/ESP biocomposites with different GA contents.
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The effect of varying GA contents addition on the elongation at break of the
PVA/ESP biocomposite is portrayed in Figure 2. The elongation at break of the
biocomposite decreased as the composition of GA was increased. The tensile
strength of the film with 0.1 g GA was lower than those of the neat PVA and film
with 2 phr GA. This is probably due to the insufficient addition of crosslinking
agent in the biocomposite, resulting in slightly lesser interaction between GA and
the polymer chains. Nonetheless, when 2 phr of GA was added, the GA is able to
adequately crosslink the biocomposite and thus improves its strength. Excessive
crosslinking agent content in a composite however may lead to over-crosslinking.
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Figure 2: Elongation at break of PVA/ESP biocomposites with different GA contents.

Figure 3 presents the effect of GA incorporation into PVA/ESP biocomposite on its
tensile modulus. An increase in the GA content up to 2 phr caused an increment in
the tensile modulus of the PVA/ESP biocomposite. Beyond 2 phr GA content, the
tensile modulus of the film decreased drastically. For the control sample without
GA addition, its tensile modulus was slightly lower than the film with the optimum
GA content. This is due to the absence of crosslinking structure that results in
weaker intermolecular forces.

Tensile modulus measures the resistance of a material to deformation. A high
tensile modulus was obtained at 2 phr GA content which is due to the formation
of crosslinks between the polymer chains. The crosslinks present in the structure
will prevent the molecules from sliding past each other under deformation, which
makes it stiffer. The decrement in the properties can be explained as a result of
competitive action among three factors during crosslinking. These factors include
the introduction of flexibility by moieties, diminution of existing physical network,
and formation of chemical structure.'?
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Figure 3: Tensile modulus of PVA/ESP biocomposites with different GA content.

3.2 Surface Morphological Study

Scanning electron microscopy (SEM) was employed to study the surface
morphology of the PVA/ESP films with GA crosslinking agent. Figure 4(b)
illustrates the surface morphology of the PVA/ESP film with 2 phr GA content.
From the micrograph, slight agglomeration of ESP and formation of bubbles on
the films as a result of air entrapment during the casting process were observed.
However, the filler is considered to be well-dispersed and the white spots are
assumed to be the eggshell powder. Consequently, the film demonstrated better
tensile properties as reported earlier.

In comparison, the biocomposite film with 2 phr GA exhibited smooth surface
structure while with the addition of 4 phr GA, rough surfaced PVA/ESP
biocomposite film was produced. The dispersion of filler becomes poor as
agglomeration occurs, causing roughness on the film surface. The SEM
micrographs also showed correlation to the tensile properties of the films. Due to
agglomeration, the stress transfer between matrix and filler becomes poor, causing
a drop in the tensile properties. The micrographs proved that the addition of lesser
amount of GA in the film provided better filler dispersion and interaction between
GA and PVA. High GA content may lead to the diminution of the existing filler
network due to the formation of hydrogen bonding between the aldehyde groups
in GA and the polymer.



Journal of Physical Science, Vol. 31(2), 45-60, 2020 53

WD=90mm  BHT=1000W  SgomanSE2 WD=90mm  BHTe1000W  SgosanSE2
100X [ L] iona ze1s| oo o p—

Date 6 Apr2015  Time 1101943 Dete §Apr2015  Time :1027:32

- ;
1000k Signal A= SE2
Apr2015  Time 1030:04
- \

Figure 4: SEM micrographs of PVA/ESP biocomposites showing (a) without GA,
(b) with 2 phr GA, and (c¢) with 4 phr GA.

3.3  Chemical Composition by FTIR

Figure 5 illustrates the FTIR spectra of the GA incorporated PVA/ESP
biocomposite films. The broad band in the 3600-3100 cm™" region, which is due
to the OH-stretching vibration in PVA, provided information concerning the
presence of hydrogen bond in the films. Besides that, the FTIR absorption band
around 1400 cm™! was assigned to the symmetric CH, bending vibration.

The absorption band at 2942.71 c¢m™ was associated with the alkane group,
represented by the C-H bonds stretch. The intensity of this band was the highest
in the PVA/ESP film with 2 phr GA. This band is known as the “crystallinity
band”, where an increase in the band intensity reflects increment in the degree
of crystallinity of the samples.!* Therefore, it is proven that the addition of 2 phr
GA provides a favourable impact on the crosslinking of the polymer chains, thus
forming higher crystallinity biocomposite.
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Comparing these three FTIR spectra, there are some different peaks that can
be observed. For instance, in the spectrum of PVA/ESP film with 2 phr GA, an
additional peak at 1564 cm™ was observed, which may indicate the presence of
aldehyde in the GA. Typically, the carbonyl stretch, C=0O of saturated aliphatic
aldehydes appears within the 1740-1720 cm™ absorption bands. The shift in the
vibration peak might be due to the presence of unsaturated carbons adjacent to the
aldehyde group, which causes the peak to shift to a lower wavenumber.

3.4  Water Absorption

Figure 6 shows the variation in the percentage of water absorbance of the PVA/
ESP biocomposite films, where the water absorption decreased upon the addition
of GA. The water absorption was the highest in the control sample due to the fact
that no cross-linking agent was present to counter the water soluble characteristic
of PVA, similarly as reported in an earlier work on the water absorption properties
of kenaf fibre/PVA composites.'* The hydroxyl group is hydrophilic in nature
which contributes to the absorption of high amount of water into the film.

Only a slight drop of water absorbance was observed with the addition of GA
up to 1 phr. The decrement in water absorption was more noticeable with the
addition of 2 phr GA. The reduction is due to the crosslinking effect of GA and
the polymer itself which allowed lesser water to penetrate into the film. This was
further attributed to the formation of network structures by the crosslinking agent,
which improved water resistance and prevented water molecules from dissolving
the biocomposite films.

With the incorporation of GA, the immobilised phases increased and the inclusion
of water into the polymer will be difficult. Beyond 2 phr GA content, the water
absorption of the films increased. This is due to the network formed and also the
effectiveness of GA at higher contents than optimum. In general, the addition of
GA in biocomposites helps to reduce water uptake into them. According to Ismail
and Zaaba, the heterogeneous crosslinking formed by GA tends to produce more
hydrophobic structure, in which the network structure prevents water molecules
from dissolving the films and at the same time improves the water resistance of
the films."
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Figure 6: Water absorption percentage of PVA/ESP biocomposites with different GA
contents.

3.5 Water Vapour Transmission

Water vapour transmission (WVT) is generally applied to measure the capability
of water vapour to penetrate through a material. Figure 7 presents the water vapour
transmission of the PVA/ESP biocomposites with different GA contents. It is
shown that the addition of GA varied the WVT of the PVA/ESP films. Initially,
as GA was added, the WVT decreased. However, when 3 phr and more GA was
added, the WVT started to increase significantly.

The crosslinking between the polymer chains tends to reduce the intermolecular
space between them, therefore resulting in reduction in the water vapour
permeable values.! The incorporation of GA improved the interaction between
molecules, thus improving the cohesiveness of a biopolymer matrix and decreasing
its water sensitivity.!” For the PVA/ESP biocomposite film with 2 phr GA, the
reduction of the water permeability originated from the increased path tortuosity
of the penetrant molecules (water molecules) and also the enhanced modulus of
the polymer matrix in the composite films.'*
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Figure 7: WVT of PVA/ESP films with different GA contents.

3.6  Biodegradability via Natural Weathering and Soil Burial

Figure 8 displays the weight loss after weathering of the PVA/ESP biocomposites
with different GA crosslinking agent contents. The weight loss varied according
to the GA content. The highest weight loss was exhibited by the biocomposite
without GA due to the absence of crosslink in the structure, causing the degradation
to occur easier than the films with crosslinked structure.

The lowest weight loss was exhibited by the film with the addition of 2 phr GA,
which is considered as the optimum amount of crosslinking agent. This implies
that with this amount of GA, better crosslink formation occurs, which makes the
film more resistant to degradation. Beyond 2 phr GA addition, the weight loss
increased slightly, which might be due to the ineffective crosslink structures as
they are generally saturated or over-crosslinked.

In a soil burial or composting test, the degradation of PVA occurs via strong
microbial activity on the surface of the specimen. By-products such as carbon
dioxide, biomass and soluble organic compounds are produced through polymeric
degradation.!”” Kale et al. reported that PVA is a biodegradable material that
undergoes reduction in its molecular weight by hydrolysis depolymerisation.” An
important factor that influences the degradability of a polymer is its hydrophilicity,
where an increase in hydrophilicity facilitates biodegradation. While buried in
soil, water will diffuse into the films, causing swelling and therefore enhancing
biodegradation.
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Figure 8: Weight loss after soil burial of PVA/ESP biocomposites with different GA
contents.

The weight loss trends for both soil burial and natural weathering tests were
identical. With 2 phr GA content, smaller weight loss was observed in the
films, indicating the optimum crosslinking agent content. However, in natural
weathering, degradation occurs via photo-degradation from the absorption of ultra-
violet radiation. This eventually induces chain scission and reduction in molecular
weight within the polymer matrix as well as leaching of fillers.?!

The main factor in consideration is the effect of crosslink networks formed by
GA on the biocomposite films degradation. From the graph in Figure 8, the
lowest weight loss was demonstrated by the film with the addition of 2 phr GA,
herein proved the optimum crosslink formation in the PVA film. Besides that, the
crosslink structure reduced the water penetration into the film, which may slow
down the degradation process.

4. CONCLUSION

The tensile properties of the biocomposite films of study increased with increasing
GA content up to 2 phr, but drastically dropped with higher amount of GA
addition. GA addition therefore could enhance the tensile properties of PVA/
ESP film. The morphological studies on the films surface indicated that the filler
was well dispersed throughout the matrix with slight agglomeration when 2 phr
GA was incorporated. On the other hand, when more than 2 phr GA was added,
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the filler agglomeration increased, resulting in lower tensile properties. The GA
content of 2 phr appeared to be optimum as the tensile properties in tension tends
to decrease above this value. The water absorption properties of the films were
found to be greatly affected by the addition of the crosslinking agent. PVA/ESP
biocomposite film with 2 phr GA exhibited the lowest water absorption among
the other films. This is because of the formation of crosslink networks by GA,
which reduces the free volume and prevents water to penetrate into the film. For
biodegradability properties, it was found that the addition of crosslinking agent
reduced the biodegradability of the biocomposite films. The crosslinks formed
have enhanced the network structure of the film, causing it to be less prone to
degradation either by weathering or soil burial.
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