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Plastics materials which are used in our daily life especially for packaging applications are derived from petrochemicals. Though
these plastic materials satisfy the required properties of packaging materials in terms of strength, water resistance, and durability,
they are not biodegradable and stay in landfills for plenty of years. This causes serious environmental threat and pollution. Owing
to this, biodegradable plastics have been emerged as an alternative to conventional plastics. However, most of the biodegrade
plastics are dependent on forest reserves even some may affect food supply. Nevertheless, agar and polyvinyl alcohol (PVA)
neither causes deforestation nor affect the food stock. Though agar and PVA neither causes deforestation nor affect the food
supply, they have high water absorption and a moderate tensile strength. This restricts the use of these polymers for applications.
Researchers have used physicochemical modification methods to improve the properties of biodegradable polymers with due
attention of agar and PVA. This review presents the basics of polymers, biodegradable polymers, chemistry of biodegradation,
environmental impacts of biodegradable polymers, and the physicochemical modification of biodegradable polymers with

a special focus of agar and PVA.

1. Introduction

Plastics are ubiquitous and are commonly used in our daily
life for different applications such as agriculture, electronics,
constructions, garments, and packaging [1]. There is
a continuous demand of plastic in industries such as
packaging and other sectors [2, 3]. There are 21,000 of
plastics facilities in USA [4], the plastic consumption in
India is estimated to reach to 20 million ton per annum in
2020, 46 million ton of plastic was used in Europe in 2013,
and the world production of plastics in 2013 was reached to
250 million tons per annum (Figure 1) [5]. This shows that
there is a high demand of plastic in the globe. They are also
extremely important in the job market as well as packaging
throughout the world.

Though plastics are used for different applications,
around 42% of the plastics are used for packaging
applications [6].

Most packaging materials are derived from petro-
chemicals. Though they satisfy many of the required
properties of good packaging materials in terms of strength,
water resistance, and durability, they are not biodegradable
[7, 8]. Owing to this, they end up in landfills where they stay
for hundreds of years and cause serious environmental is-
sues [9-11]. To minimize these problems, bio plastics have
emerged rapidly as an alternative to petro-based plastics
[12-22]. The main advantage of these kinds of plastics is
their biodegradability, sustainability, and ecological re-
sponsibility [16, 22, 23]. While bio plastics are biodegrad-
able, ecological responsible, and sustainable, most of them
heavily depend on forest reserves and even some may affect
food supply for their production. For example, cellulose is
extracted from plant sources; bio-amide 11 is derived from
vegetable oil and polylactic acid (PLA) is derived from maize
and crop, which is a food source. Hence, the use of bio
plastics as packaging materials may cause deforestation and
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FIGURE 1: Plastic usage. Adapted from reference [5].

scarcity of food resources. For this reason, we choose agar
and polyvinyl alcohol (PVA) as our starting materials. Agar
is a natural polymer derived from seaweed, and PVA is
a synthetic polymer. The motivation to choose agar and PVA
is their abundance and that they do not cause deforestation
and are not used as food. However, their applicability is
limited by their properties, especially moderate strength and
high water absorption as compared to petro-based plastics.
These properties need tailoring before implementing these
materials for packaging applications. As step towards this
objective, researchers used physico-chemical methods to
improve the properties of biodegradable polymers. In this
paper, the basics of polymers, polymers used for packaging
applications, biodegrade polymers, chemistry of bio-
degradation of biodegradable polymers, source of bio-
degradable polymers, and methods used to improve the
properties of biodegradable polymers with more focus on
agar and PVA are discussed.

L1. Polymers. “Polymer, any class of natural or synthetic
substances composed of very large molecules called mac-
romolecules that are multiples of simpler chemical units
called monomers” [24]. They are organic molecules which
comprise repeating carbon-based units. They may contain
a single repeating monomer (homopolymer) or two or more
monomers (copolymers) and may be amorphous or crys-
talline. Most of them contain both amorphous and crys-
talline phases. Crystalline polymers are stronger than
amorphous polymers due to the difficulty of slippage be-
tween the chains. The ability to tailor the physicochemical
properties of polymers provides the opportunity to fabricate
polymeric materials for versatile applications. This makes
them to be versatile class of materials which are found in all
areas of engineering. They play important role and become
indefensible to our life because of their versatile applications
such as packaging, agriculture, consumer products, and
pharmaceuticals. Their development and improvement of
their properties depend on their application and data ob-
tained via rigorous testing. The application and development
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of their composite is also continuously and rapidly growing
due to their versatile property, abundance, low cost, and ease
of manufacturing. Interestingly, polymers are processed to
form plastics, rubbers, and fiber materials.

Plastics are natural or synthetic organic resins. They are
processed by forming or molding into shapes. They are
important engineering materials due to the wide range of
properties. They offer versatile properties that are not at-
tainable from other materials. Plastics have light weight,
wide range of colors, low thermal and electrical conduc-
tivities, less brittleness, good toughness, good resistance to
acids, high dielectric strength, etc [25]. Owing to these
properties, they are used for many applications and become
vital in everyday life. Hence, they are the most widely used
polymers in our daily life especially for packaging
applications.

1.2. Types of Polymers. Since polymers have versatile
properties, they can be classified on various ways based on
their origin, structure, molecular force, polymerization, and
biodegradability [26-28] (Table 1). The table given shows
types and examples of polymers based on different criteria.

1.3. Polymers for Packaging Applications. Packaging repre-
sents an important consumption of plastics which have
rapidly increased over the past few decades with an annual
growth rate of 5% [19]. Around 42% of the plastics used
worldwide are used for packaging applications [1]. Among
the plastic materials, petroleum plastics such as polyethylene
(PE), polypropylene (PP), polyethylene terephthalate (PET),
polyvinyl chloride (PVC), polyamide (PA), polyurethane,
and polyester (PS) are widely used for packaging applica-
tions. They are very successfully in packaging applications
due to their relatively low cost, good strength, stability, and
water resistance. However, these plastics are not bio-
degradable. As a result, the use of these materials as
packaging materials causes serious environmental problems.

1.4. Biodegradable Polymers. Polymers form the backbone of
plastic materials and continually employed in an expanding
many areas particularly in the packaging sector. Most of
them are derived from petroleum resources. The annual
production of petroleum based plastics exceeded over 300
million ton in 2015 [29]. Petroleum-based synthetic plastics
are resistant to biodegradation because their polymer chains
are too large and too tightly bonded together to be broken
apart and assimilated by microorganisms [25]. This con-
sequently causes a problem for waste disposal [30] and
become a serious environmental issue. Efforts have been
made to reduce the negative impact of plastic waste by
incineration and recycling. Nevertheless, incineration yields
toxic emissions such as dioxin [31]. In addition, plastic
recycling presents a negative eco balance due to the necessity
to wash the plastics wastes, as well as the energy con-
sumption during the recycling processes [25]. The threat and
concern in environmental pollution and global warming
drive for the development of bio degradable polymers.
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TaBLE 1: Types, examples, and classification of polymers on

various bases.

Basis of classification Polymer type Example
Proteins
Natural Cellulose
Starch
- Nyl
Origin [26-28] Polye}t,hoy?ene
Synthetic Polyester
Teflon
PVC
. Teflon
Linear
Polypropylene
Structure [26-28] Branched Starch
Glycogen
Crosslinked Melamine
Elastomers Rubber
. Silk
Fibers Nylon
Polyethylene
Molecular forces [26-28] Thermoplastics Polystyrene
Polypropylene
. Polyester
Thermosetting Poly urethane
L Addition PVC
Polymerization [26-28] Condensation Nylone-66
Biodegradability [26-28] Nogi;)b(i:;reagg:g; ble

Biodegradable polymers are capable of quite readily deg-
radation by hydrolysis into carbon, hydrogen, oxygen, and
other biomass by the action of microbial and photo deg-
radation. They can be degraded by the action of micro-
organisms in both aerobic and anaerobic conditions aided
by biotic central reactions such as photo degradation, oxi-
dation, and hydrolysis [22, 32]. These kind of plastics offer
many advantages such as increase in soil fertility, low ac-
cumulation of bulk materials, reduction in the cost of waste
management, and reduction in the emission of
greenhouse gases.

1.5. Environmental Impact of Biodegradable Plastics. 'The use
of biodegradable plastics has a positive impact on the en-
vironment. Biodegradable plastics, after their intended use
by the consumers, can be disposed in a bio-waste collection
and then composed. The new biomass that is produced is
environmental friendly and leaves no toxic residue. In ad-
dition, biodegradable materials suited for packaging appli-
cations are often used in agricultural products. For example,
young plants which are particularly susceptible to frost
covered with films such as Ecoflex [33-35]. At the end of the
growing season, the films can be broken down to soil by
microorganisms, thereby increasing the fertility of the soil.

The constant accumulation of plastic wastes in the en-
vironment leads to adverse environmental impacts such as
loss of land fertility, harmful health effects on grazing an-
imals, and environmental pollution are main drawbacks of
using nonbiodegradable plastics [1]. To overcome these
drawbacks, recycling of plastics has been attempted but is

much less than required [36]. For example, in the
United States only 10% of the plastics are recycled [37].
Energy recovery by the incineration of plastic wastes has
been successfully implemented in some countries such as
Sweden and USA to get rid of the wastes [38]. However, the
process emits CO, and other toxic gases such as dioxin [7].
For this season, biodegradable polymers become a more
sensible choice as they avoid plastic waste accumulation,
CO,, and toxic emission and are composted to organic
matter. The complete substitution of the conventional plastic
with renewable feed stock would lead to a balanced carbon
dioxide in the atmosphere [39]. In addition, the requirement
for manufacturing biodegradable plastics is less than that of
conventional plastic [40]. Hence, biodegradable plastics can
result in energy savings than the conventional plastics.

1.6. Chemistry of Biodegradations. “Biodegradation is the
breakdown of chemicals by microorganisms” [41, 42]. It is
the only degradation pathway that can completely remove
a polymer or its degradation product from the environment.
Firstly, the macromolecule is depolymerized into short
chains. This step normally occurs outside the microorganism
due to the size of the polymer chain and insoluble nature of
many polymers. Secondly, the polymer chains cleavage by
extracellular enzyme and biotic reactions. The degradation
of polymer depends on the properties of the polymer and the
environmental condition: temperature, microorganisms,
presence of oxygen, and water [43]. Chemical structure
responsible for functional group stability, reactivity, and
swelling behavior is the most important factor that controls
the biodegradability of polymers [44]. Physico-chemical
properties such as molecular weight, porosity, and elastic-
ity are other factors that affect biodegradation of polymers.
The biodegradability of polymers can be adversely affected
by increase hydrophobicity, macromolecule molecular
weight, and size of crystalline domain [45].

The degradation of carboxylic acid derivative polymers
such as polylactic acid, polygycolic acid, bio-poly ester (oly-
B-hydroxy-yalkanoates), and polycaprolactone takes place
by hydrolysis [46-48]. These polymers contain hydrolyti-
cally labile functional groups such as esters and ortho esters.
The functional groups are susceptible to hydrolysis [49].
Hence, it can be degraded by hydrolysis. This kind of
degradation is fast, and the rate of degradation can be fine-
tuned by the proper choice of molecular weight and co-
polymerization of monomeric units. On the other hand, the
degradation of carbonic acid derivative polymers such as
poly (ethylene carbonate) (PEC) and poly (trimethylene)
(PTMC) takes place by oxidation [44]. Unlike hydrolysis
degradation, this kind of degradation is slow and can be
observed in surface cracking and pitting by surface active
oxygen species [44, 50]. The rate of biodegradation can be
improved initiating by catalytic amounts of oxidizing
agents [44].

Despite the type of degradation mechanism, bio-
degradation can be characterized by bulk erosion and sur-
face erosion. Degradation proceeds throughout the matrix,
and sharp drop of molecular weight and retarded mass is



observed in bulk erosion. On the other hand, degradation
proceeds exclusively at the surface and a fast onset of weight
loss and constant residual molecular weight till complete
degradation are observed in surface erosion. Polygycolic acid
(PGA) and poly lactic-co-glycolic acid (PLGA) degrades by
bulk erosion whereas, polyester and polyanhaydrides de-
grade by surface erosion [51-56].

1.7. Sources of Biodegradable Polymers. Biodegradable
polymers can be classified as renewable and nonrenewable
based on the origin of the raw materials and the process used
in their manufacturing. Biodegradable polymers need not
necessarily be based on renewable resources as bio-
degradability is more dependent on the chemical nature and
bonding rather than origin [57]. There are also several
biodegradable synthetic carbon-based polymers. Bio-
degradable polymers can be natural which can be extracted
from renewable resources or synthetic which can be ob-
tained from petrochemicals [58] (Figure 2). The natural
polymers are extracted from polysaccharides and proteins.
Natural Polymers that can be extracted from polysaccharides
include cellulose, starch, chitosan, agar, and carrageenan.
Natural polymers that can be extracted from proteins in-
clude gelatin, gluten, alginate, whey protein, and collagen.
Bio based plastics may be biodegradable or not [31, 60, 61].
Unlike natural polymers, synthetic polymers can be syn-
thesized by either microbial production and fermentation or
by conventional and chemical synthesis. Polymers that can
be obtained by microbial production and fermentation in-
clude polyhydroxy-alkanoates (PHA), poly-hydroxybutyrate
(PHB), and  polyhydroxybutyrate-co-hydroxyvalerate
(PHBV). Polymers that are extracted by conventional and
chemical synthesis are obtained from biomass or petroleum
[59, 62]. Polylactic acid (PLA) is an example of polymer that
can be generated by conventional and chemical synthesis
from biomass. On the other hand, polyvinyl alcohol (PVA),
poly glycolic acid (PGA), Polybutylene succinate adipate
(PBSA), and polycaprolactone (PLC) are derived from pe-
troleum products by conventional and chemical synthesis.

1.8. Agar. Agar is an unbranched polysaccharide that is
extracted from the supporting structure in the cell wall of
agrophytae marine algae which belongs to Rhodophyta
phylum [63, 64]. It contains a mixture of a linear poly-
saccharide known as agarose and a heterogeneous mixture
called agaropectin [65, 66]. It is used as culture media,
vegetable substitute, thickener of soups, desserts, laxatives,
an appetite suppressan, etc [67, 68]. The gelling agent of agar
is derived from the cell wall of genera Gelidium and Gra-
cilaria. It consists of subunits of galactose. It was first dis-
covered for microbial application by a German
microbiologist Walther Hesse and Gr [69]. Agarose make up
70% of the mixture and consists of disaccharide of D-
galactose and 3, 6-anydro-L-galactopyronose [70]. Agro-
pectin occurs in lesser amount and contains alternating units
of D-galactose and L-galactose. It dissolves at 85°C and
solidifies close to human body temperature. This property
makes it suitable for scientific incubation over other
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solidifying agents which dissolve at the body temperature. It
is white and semitranslucent and produces a reversible firm
jelly even at lower concentration. It dissolves on heating and
resets on cooling. The firmness of the gel is determined by
the amount of agar used to create the gel. Due to its good gel
forming property, biocompatibility, nontoxicity, and bio-
degradability, agar becomes an attractive candidate to make
films for packaging applications. However, high water ab-
sorption, moderate tensile strength, and thermal property
restrict its implementation. To improve the previous lacu-
nae, researchers have used methods to improve its prop-
erties. The methods that are used to improve its properties
are reviewed in the following section.

1.8.1. Methods Used to Improve the Properties of Agar.
To overcome the limitation of polymers, reinforcement, and
chemical crosslinking of agar are used [71-77].

(1) Reinforcement. Reinforcement can enhance the
mechanical and barrier properties of polymer by the es-
tablishment of a composite. A composite is a combination of
at least two materials working together to produce a material
that has better properties than the constituent phases [78]. In
a composite, the constituent phases must be dissimilar and
separated by a distinct interface. A better property is tailored
by the combination of two or more distinct phases by the
principle of this combined action. It consists of a bulk
material (the matrix) and reinforcement (filler). The matrix
is the continuous phase, and the reinforcement is the dis-
persed phase. The purpose of the matrix is to transfer the
stress to the other phase whereas; the purpose of the re-
inforcement or filler is to enhance the tensile strength and
toughness of the material. The property of the composite is
a function of concentration, size, distribution, and the
orientation of the reinforcement [79]. When a load is applied
on a composite, the force is shared by the matrix and the
reinforcement.

F ¢=Fp+ Fr where Fc is the force on the composite, Fy,
is the force shared by the matrix, and Fy is the force shared
by the reinforcement [79].

F=0A where F is the applied force and A is the cross
sectional area. Then,

0cAc = 0y Ay + 0gAg, where oc is the stress on the
composite, Ac is cross-sectional area of the composite, o, is
stress on the matrix, oy the stress of the reinforcement or
filler, and is Ay is cross sectional area of the reinforcement or
filler.

Dividing both sides of the equation by Ac

_ 0,4, N 0, A,

GC
A A

> (1)

C c

where A,/ Ac is the volume fraction of the matrix and A,/A.
is the volume fraction of the filler. Then,

o, =0,A,+0,.4,, (2)

where V,, is the volume fraction of the matrix and V, is the
volume fraction of the filler [79].

If the bonding between the matrix and the filler is good,
the matrix and the filer will extend by the same size so that
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FIGURE 2: Sources of biodegradable polymers. Adapted from [59].

the stain of the matrix and the filler will be equal. Under this
condition, we get the following equation:

, (3)

g

I _ 0,4, . 0, A,

& & 3

where 0,,/¢ is Young’s modulus of the matrix and o,/¢ is
Young’s modulus of the filler. Then,

E =E,V, +EV, (4)

where E,, is Young’s modulus of the matrix and E, is
Young’s modulus of the filers.

Different researchers have used different reinforcements
to improve the properties of agar. For example, Awadhiya
et al. [77] showed the change of tensile strength from
25.1 MPa for pure agarose to 60.1 MPa for agarose/bacterial
cellulose composite. Shankar et al. [71] reported an im-
provement of tensile strength from 45.7 MPa for pure agar to
52.1 MPa for lignin/agar composites. Rhim [80] showed an
increase in tensile strength of agar from 31 MPa for pure agar
to 45 MPa for agar/«k-carrageenan composites. Belay et al.
[81]. reported the preparation and characterization of
composite of agar/reduced grapheme oxide (RGO) and agar/
graphenee oxide (GO) composites [82]. In the work, the
tensile strength of agar was improved from 38.31 MPa for
pure agar to 64.94MPa for RGO/agar composite and
83.69 MPa for GO/agar composites. The water resistance and
swelling resistance of agar was also improved after in-
corporation of RGO and GO which was observed through
contact angle and swelling ratio data. However, the thermal
stability was slightly improved due to the absence of covalent
bonding. In other paper, Belay et al. [83] has reported the
synergistic effect of bacterial cellulose reinforcement and

succinic acid crosslinking. In this work, the tensile strength
of agar was improved from 55MPa for pure agar to
86.30 MPa bacterial cellulose/agar composites. Furthermore,
the tensile strength of agar was improved from 55 MPa fore
agar to 111 MPa for the synergistic effect of bacterial cel-
lulose reinforcement and succinic acid crosslinking.

(2) Crosslinking. Crosslinking is interconnecting poly-
mer chain at several points to make macromolecule with
a networked structure. The interconnecting points are
known as crosslinking points. Crosslinking plays a vital role
for the modification of virgin polymers and is used to
improve water resistance, strength, and stability [84-89].
Cross linked polymers are used in different fields such as
synthesis, extraction, tissue engineering, drug delivery, and
biomedical applications [90, 91].

Crosslinking can be classified as in-situ crosslinking and
post crosslinking. “In-situ crosslinking is a process of direct
crosslinking of monomers with a crosslinker to obtain
a macromolecular chain. Whereas, post crosslinking is
a process of crosslinking after polymerization of the mo-
nomeric units” [92, 93]. In-situ crosslinking proceeds by
chain growth and step growth polymerization processes.
Post crosslinking between polymeric chains is usually car-
ried out by reaction between the reactive groups on the
polymer chains with crosslinkers having reactions with two
or more functional groups. Crosslinking reactions are
usually initiated by heating or photo irradiation. Polymers
can be crosslinked by chemical crosslinking or physical
crosslinking. The degree of crosslinking in chemical cross-
linking is controlled by amount of crosslinker, crosslinking
time, temperature, processing, and initiator/catalyst (type
and concentration). Unlike chemical crosslinking, physical



crosslinking is performed using interactions other than the
covalent bond such as hydrogen bonding or ionic in-
teraction. Physical crosslinking is weak as compared to
chemical crosslinking as the former is formed by secondary
forces.

Polymer chains are generally held together by weak
Van der Waals force or hydrogen bond and easily slide on
each other when pulled by tensile forces. Therefore,
crosslinking is employed to restrict the movement of
polymer chains.

Crosslinking restricts the relative movement of polymer
chains; this reduces the amount of water entering between
the chains which lead to the reduction of swelling. In case of
agar, the amount of hydroxyl groups get reduced when
chemically crosslinked. Awadhiya et al. [87] showed a re-
duction in water uptake by ~8 fold with tensile strength
improvement (25.1 MPa to 52.7 MPa) by crosslinking aga-
rose with citric acid. However, the chain degradation was
observed at higher concentration of crosslinkers. Belay et al.
[83] showed reduction in water absorption by ~5 fold with
tensile strength improvement (55MPa to 93.40 MPa).
Sonket et al. [94] demonstrated the cross linking of agar with
aromatic diisocyanate, DDI (4,4 diphenyl diisocyanates and
aliphatic diisocyanates), and HDI (1,6 Hexamethylene dii-
socyanate). In this work, a reduction in water absorption of
~6 fold and ~5 fold was reported with DDI and HDI cross
linker, respectively. In addition, the thermal stability of cross
linked samples was improved due the presence of covalent
linkage.

2.PVA

Poly (vinyl alcohol) (PVA) (CH,CH(OH)), is a water-
soluble, transparent, semicrystalline polymer with excel-
lent mechanical properties, chemical resistance, and bio-
compatibility [95-97]. It is synthetic biodegradable and
hydrophilic polymer which has potential applications.

Poly (vinyl alcohol) (PVA) is synthesized by the hy-
drolysis of poly (vinyl acetate). Owing to its bio-
compatibility, transparency, chemical resistance, toughness,
nontoxicity, water solubility, and excellent film forming
properties, PVA finds application in but not limited to
packaging, paper industry, plywood manufacturing, as
pressure-sensitive adhesives, textile sizing, membranes,
water soluble photo resists, and biomedical materials
[89, 98-102]. The properties of PVA depend on the mo-
lecular weight, as well as the degree of hydrolysis and po-
lymerization condition of the parent poly (vinyl acetate)
monomer [88]. Increase in hydrolysis improves the degree of
crystallinity and molecular mobility of PVA films, whereas
increase in molecular weight decreases its crystallinity and
mobility [103].

2.1. Methods Used to Improve the Properties of PVA

2.1.1. Reinforcement of PVA. Different researchers showed
the role of reinforcement on the tensile strength of virgin
PVA. For example, Yang et al. [104] reported a change of
tensile strength from 22 MPa for pure PVA to 29 MPa for
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PV A/graphene composite, an increase of 32%, for their layer
aligned polyvinyl alcohol/graphene composite. Jiang et al.
[105] showed improvement of tensile strength from 23 MPa
for pure PVA to 49.5MPa for polyvinyl alcohol/graphene
composite. In addition, they also reported an increase in the
thermal stability of PVA. The peak temperature of the
polyvinyl alcohol/graphene composite increased by about 8°C
compared to that of pure PVA. The improvement in thermal
stability was due to the hydrogen bonding interaction be-
tween the residual oxygen containing groups of graphene
oxide and hydroxyl group of PVA. Zhao et al. [106] reported
150% improvement of tensile strength, and nearly 10 times
improvement of Young’s modulus in PVA-graphene com-
posites. Liang et al. [107] reported 76% improvement in
tensile strength from 49.9 MPa for pure PVA to 87.6 MPa for
PVA-graphene composite, and 62% increment in Young’s
modulus from 2.13 to 3.45 GPa. Xu et al. [108] reported the
improvement of tensile strength from 65 MPa to 110 MPa and
Young’s modulus from 2.1 to 4.8 GPa for graphene oxide/
PVA composite. Belay et al. [81] showed an increase of tensile
strength from 31.19 MPa for pure PVA to 81.63, 104.6, and
106.73 for PVA with grapheme oxide (GO) reinforcement,
synergistic effect of GO reinforcement with AdA crosslinking,
and synergistic effect of GO reinforcement with SuA cross
linking, respectively.

2.1.2. Crosslinking of PVA. The solubility of PVA in water
allows fabrication of solution cast films without the use of
organic solvent. However, high water absorption during
usage is not desirable. Besides, its moderate strength and
thermal stability further limit its application. Absorption of
water, due to large number of -OH groups, results in
swelling that further deteriorates the strength of PVA by
reducing its interchain interactions [109, 110].

Hence, reduction in water absorption (swelling) of PVA
is desirable upon its exposure to water. In addition, PVA
must maintain its strength even after exposure to water to
hold the packaged goods.

To lower water absorption (swelling) characteristics of
PVA, it is chemically crosslinked using chemicals such as
dialdehydes [111-116], dicarboxylic [86, 117-121] or tri-
carboxylic acids [102, 122], diisocyanates [88], boric acid
[123], and organosilanes [124, 125]. The crosslinker not
only reduces the number of -OH by reacting with them but
also restricts the movement of PVA chains led by the in-
coming water molecules thus preventing swelling. In ad-
dition, crosslinking improves the strength of PVA
(86, 88, 119].

Krumova et al. [88] showed the crosslinking of PVA with
hexamethylene isocyanetes via the formation of urethane
bond. Figueiredo et al. [126] crosslinked PVA with glutar-
aldehyde and showed the improvement of water resistance
and thermal stability of PVA.

Heydari [119] crosslinked PVA membrane with fumaric
acid at 150°C for three different time of 10, 30, and
60 minutes, and investigated the effect of crosslinking time
on thermal, mechanical, and water absorption property.
They reported the improvement of thermal stability and
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water uptake with increased crosslinking duration. How-
ever, they observed a decrease in the tensile strength beyond
10 minutes crosslinking time.

Sonker et al. [127] cross linked PV A with two different
acids; suberic acid (aliphatic) and terephthalic acid (ar-
omatic), and investigated the effect of crosslinker ge-
ometry on the swelling, thermal, and mechanical
properties of PVA. In this report, no significance change
was observed in the swelling of PVA due to difference in
the crosslinker geometry. The tensile strength and crys-
tallinity of PVA was increased in suberic acid (aliphatic)
crosslinked PV A, which was not the case in terephthalic
acid (aromatic) cross linked PVA. However, in swelling
and thermal properties of crosslinked samples, no role of
crosslinker shape was observed. It was due to crosslinking
densities values, which was found similar in suberic acid
and terephthalic acid crosslinked PVA. Belay et al. [81]
showed an increase of tensile strength from 31.19 MPa for
pure PVA to 63.93, 72.69, 104.6, and 106.73 for PVA with
AdA crosslinker, PVA with SuA crosslinker, synergistic
effect of GO reinforcement with AdA crosslinking, and
synergistic effect of GO reinforcement with SuA cross
linking, respectively.

3. Conclusion

The conventional plastics that are used for packaging ap-
plications are not biodegrade. As a result, they end up in
landfills. This cause serious pollution and threat to the
environment. To surmount this issue, biodegradable plastics
have emerged as alternatives to conventional plastics. The
main advantage of biodegradable plastic is their bio-
degradability, sustainability, and ecological responsibility.
Though biodegradable plastics are biodegradable, sustain-
able, and ecological responsible, most of them are dependent
on forest reserves even some may affect food supply. This
necessitates searching other alternatives which neither
causes deforestation nor affect food supply. Agar and PVA
neither causes deforestation nor affect food supply. How-
ever, they have high water absorptions and moderate tensile
strength to be used for packaging applications. Different
researchers have used physic-chemical methods which are
used to improve the properties of agar and PVA. This paper
reviews the physic-chemical methods used to improve the
properties of these polymers. The review shows that
crosslinking basically reduces water absorption with the
improvement of tensile strength, reinforcement improves
tensile strength, and synergistic effect of the two further
enhances tensile strength due to interfacial binding between
the filler and the matrix.
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