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Progress in bio-based plastics and plasticizing
modiﬁcations
Tizazu Mekonnen,a Paolo Mussone,a Hamdy Khalilb and David Bressler*a
Over the coming few decades bioplastic materials are expected to complement and gradually replace some
of the fossil oil based materials. Multidisciplinary research eﬀorts have generated a signiﬁcant level of
technical and commercial success towards these bio-based materials. However, extensive application of
these bio-based plastics is still challenged by one or more of their possible inherent limitations, such as
poor processability, brittleness, hydrophilicity, poor moisture and gas barrier, inferior compatibility, poor
electrical, thermal and physical properties. The incorporation of additives such as plasticizers into the
biopolymers is a common practice to improve these inherent limitations. Generally, plasticizers are
added to both synthetic and bio-based polymeric materials to impart ﬂexibility, improve toughness, and
lower the glass transition temperature. This review introduces the most common bio-based plastics and
provides an overview of recent advances in the selection and use of plasticizers, and their eﬀect on the
performance of these materials. In addition to plasticizers, we also present a perspective of other
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emerging techniques of improving the overall performance of bio-based plastics. Although a wide
variety of bio-based plastics are under development, this review focuses on plasticizers utilized for the
most extensively studied bioplastics including poly(lactic acid), polyhydroxyalkanoates, thermoplastic
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starch, proteinaceous plastics and cellulose acetates. The ongoing challenge and future potentials of
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plasticizers for bio-based plastics are also discussed.
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Introduction

Plastics are amorphous organic solid polymers covering a wide
range of polymerization products suitable for the manufacture
of diversied products. Worldwide annual plastics production
is estimated to surpass 300 million tons by 2015 (ref. 1) representing trillions of dollars in terms of global economic returns.2
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Plastics are highly valued materials because of their low cost
and extraordinary versatility and they constitute the largest
petroleum application second only to energy.3 Among the many
applications of plastics, packaging accounts for almost onethird of their use followed by construction and consumer
products.4 The materials science community has been striving
for decades to generate bio-based plastics to substitute or
complement conventional synthetic plastics based on exclusively petroleum feedstock. According to current estimates, the
global production of bioplastics is expected to grow at an
annual rate of up to 30% in the coming decade to reach 3.5
million tonnes in 2020.5
Bioplastics may also be bio-based (i.e. polymer derived from
renewable feedstock) and biodegradable (i.e. polymer that can
return to nature).6 Biodegradability and compostability depend
on the chemical structure rather than the feedstock source.
According to the US Department of Agriculture (USDA), biobased products are dened as commercial or industrial goods
(other than feed or food) composed in whole or in signicant
part of biological products.7 Thus, synonymous use of the terms
bio-based plastic and biodegradable plastic is not correct. Some
of the most commonly known bio-based plastics in today's
marketplace in terms of production and renewability are poly(lactic acid) (PLA), polyhydroxyalkanoates (PHAs), starch

Fig. 1
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plastics, cellulose esters and protein based plastics (Fig. 1).
Other bio-based plastics, such as bio enriched polyurethane
manufactured using modied vegetable oils, polyethylene
monomers derived from the dehydration of bio-ethanol, polypropylene monomers derived from dehydration of bio-butanol
and poly(ethylene terephthalate) monomers produced via
fermentation, catalytic pyrolysis or gasication of biomass,8
that have at least partial sourcing from plants constitute
emerging technologies expected to make a signicant market
impact.
Bio-based plastics could overcome the sustainability issues
and environmental challenges posed by the production and
disposal of synthetic plastics. However, the large scale
commercial deployment of bio-based plastics to replace
conventional plastic materials remains challenged by several
factors. Some of the challenges are attributed to the relatively
poor performance, variability of properties of the feedstock
associated with location and the time of harvest, high production cost and lack of infrastructure. Recent development in
bacteria synthesized plastics (PHAs) and the utilization of
nature's own building blocks such as proteins, fats, carbohydrates, lignin, etc. obtained from agricultural feedstock and
agricultural industry wastes constitute a major progress
towards bio-based plastics in the last decade.

Major bio-based plastics and their production routes.6
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Plasticizers have long been known for their eﬀectiveness in
enhancing the exibility of synthetic plastics such as polyvinyl
chloride (PVC) and epoxy resins. New types of plasticizers
compatible with bio-based plastics are being developed. For
technical and economic reasons, polymer additives are a large
and increasingly signicant component of the polymer
industry.9 Among the additives, plasticizers constitute about
one third of the global additive market,10 with a worldwide
consumption of over 4.6 million metric tonnes in 2003 (ref. 11)
and over 6.4 metric tonnes in 2011.12 Generally, plasticizers are
small, relatively non-volatile, organic molecules that are added
to polymers to reduce brittleness, impart exibility, and
improve toughness, reducing crystallinity, lowering glass transition and melting temperatures.13,14 Plasticization reduces the
relative number of polymer–polymer contacts thereby
decreasing the rigidity of the three-dimensional structure
thereby allowing deformation without rupture.15 Consequently,
plasticizers improve processability, exibility, durability and in
some cases reduce the cost of polymers.16,17
The use of plasticized polymers in pharmaceutical applications ranging from packaging materials or auxiliary substances
in conventional dosage forms to membranes or matrices
modifying and controlling the drug release characteristics in
therapeutic systems has been reported in the literature.16,18,19
The processing behaviour, such as lm formation and coating
dispersion, and properties of polymers in various applications
are greatly improved by adequate choice of plasticizer type and
quantity.16,20 Generally, the choice of these plasticizers to be
used as modiers of plastics is limited by the required safety,
environmental favorability, chemical and physical property that
dictate their miscibility, processing temperature and required
exibility towards the target application.17
The risk of leaching out of certain plasticizers, such as
phthalates during storage or end-user application, constitutes a
major safety risk.21–24 This coupled with other shortcomings (e.g.
toxicity, poor compatibility) limits some plasticizers from
application in the medical, pharmaceutical and food packaging
elds. The ideal plasticizer signicantly lowers the glass transition temperature (Tg), is biodegradable, nonvolatile, and
nontoxic, and exhibits minimal leaching or migration during
use or aging.
Recent advances in bio-based plastics are spurred by factors
such as public concern over the depletion of petroleum based
raw materials, the desire of manufacturing companies to
develop more sustainable raw material sources, the improvement in properties as well as cost competitive relationship of
bioplastics.25,26 As these bio-based plastic industries continuously grow, the demand for new types of plasticizers with new
characteristics, performance and other additives that are
compatible with the bioplastics also grows in the same direction.27 In the realm of developing packaging materials from biobased materials, a high ductility at room temperature is
required and thus, there is no tolerance for the polymer lm
tearing or cracking when subjected to stresses during package
manufacturing or use.28 Moreover, increase in the utilization of
plasticized polymers for biomedical and pharmaceutical application,16 the search for safer plasticizers for commodity plastics
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such as poly(vinyl chloride)29–31 and eﬀorts to produce renewable and biodegradable plasticizers29,30 constitute an additional
motive for the recent development of new plasticizers. This
review briey reports recent progress in the development of
plasticizers utilized for bio-based plastics, and their inuence
on the performance of bio-based plastics.

2.

Plasticization mechanism

Two types of plasticizers are dened in polymer science:
internal and external.22,23,32 Internal plasticizers are part of the
polymer molecules, co-polymerized into the polymer structure,
graed or reacted with the original polymer thereby making the
polymer chains more diﬃcult to t and compact with each
other closely.23 They soen polymers by lowering the glass
transition temperature (Tg) and reducing the elastic modulus.22
External plasticizers, on the other hand, are low volatility
molecules added to interact with polymers and produce
swelling without chemical reaction. Internal molecular forces
between plasticizer molecules and between a plasticizer and a
polymer such as dispersion forces, induction forces, dipole–
dipole interaction, hydrogen bonds are important in external
plasticization.23
Several theories have been proposed to explain the mechanism and action of plasticizers on polymers. Among those
theories, the following plasticizing mechanisms have been
widely accepted to describe the eﬀect of plasticizers on polymeric networks:33–36 (a) the lubricity theory: this theory is similar
to metal parts lubrication by oil. The plasticizer acts as a
lubricant to reduce friction and facilitates polymer chain
mobility past one another, consequently lowering deformation;
(b) the gel theory: this theory extends the lubricity theory and
suggests that a plasticizer disrupts and replaces polymer–
polymer interactions (hydrogen bonds, van der Waals or ionic
forces, etc.) that hold polymer chains together resulting in
reduction of the polymer gel structure and increased exibility;
and (c) the free volume theory: for any polymeric material the
free volume is dened as the internal space available in a
polymer for the movement of chains. Free volume is usually
described as the diﬀerence between the observed volume at
absolute zero and the volume measured at a selected temperature. Rigid resins are characterized by limited free volume
whereas exible resins have relatively large amounts of free
volume. Plasticizers increase the free volume of resins and also
maintain the free volume aer the polymer–plasticizer mixture
post processing is cooled down. The free volume theory explains
the eﬀect of plasticizers in lowering the glass transition
temperature.
Although these theories are widely accepted and utilized in
the selection of plasticizer for polymers, Shtarkman and
Razinskaya35 stressed the limitation of the current plasticization
theories. According to these authors,35 the plasticization theories are limited and not feasible for plasticizer selection for the
following reasons: (1) direct studies of the plasticization
mechanism is lacking and (2) the existing plasticization theories have limited predicting capability and are limited to only
particular cases. For this purpose, the authors35 suggested the
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necessity of a compatibility–eﬃciency–property study that takes
into account the structure of the polymeric system to select a
specic plasticizer rather than relying on the theories.
The aforementioned plasticization theories/mechanisms
were developed for synthetic plastics, particularly PVC. Limited
attention has been devoted to developing new theories/mechanisms or improving established theories to explain the plasticization mechanism of the newly developed and emerging biobased plastics. The complex nature of some of the biological
feedstock macromolecules makes bio-based plastics radically
diﬀerent from the common repeating monomer based synthetic
polymers. Hence, renewed eﬀorts are required to investigate
other more explanatory plasticization possibilities and theories.

3.

Plasticization of bio-based plastics

3.1. Poly(lactic acid) plastics
Poly(lactic acid) (PLA) is one of the most promising innovative
plastics for various end-use applications. This polymer is thermoplastic, renewable, biodegradable and biocompatible, a set of
highly attractive attributes for pharmaceutical, biological and
medical applications.37,38 The raw material of PLA, L-lactic acid,
can be produced by fermentation of renewable sugar resources
such as starch and other polysaccharides.39,40 Moreover, PLA
exhibits a remarkable balance of performance properties
comparable to traditional thermoplastics39 processed using
conventional plastic processing techniques. From a physical
property standpoint it is oen loosely compared to polystyrene.37
Similar to polystyrene, standard grade PLA has high modulus
and strength.37,41 Moreover, the degradation products of polylactides are nontoxic which enhances practical applications in
biomedicine.42 PLA is currently being commercialized for a wide
spectrum of technologically important elds and applications by
companies such as Cargill and Dow Chemicals.38
PLA belongs to the family of aliphatic polyesters commonly
made from lactic acid (2-hydroxypropionic acid) building block
shown in Fig. 3. The synthesis of lactic acid into high-molecular
weight PLA can follow two diﬀerent routes of polymerization,40,43 as depicted in Fig. 4. The monomer lactic acid is
condensation polymerized to yield a low-molecular weight,
brittle, glassy polymer in the rst route, which, for the most
part, is unusable unless external coupling agents are used to
increase the molecular weight of the polymer.40 The second
route of producing PLA is to collect, purify, and ring-open and
polymerize lactide to yield high molecular weight (average Mw >
100 000) PLA.40,43,44
The combination of the chiral lactic acid monomers (Fig. 2)
or the depolymerization of low molecular weight PLA (Fig. 3)
could give rise to distinct forms of polylactides. These polylactides are poly(L-lactide) (or LL-lactide), poly(D-lactide) (or DDlactide), poly(LD-lactide) (or meso-lactide) as shown in Fig. 4 or a
mixture of L-and D-lactides, called racemic lactide (rac-lactide).38,46,47 While the D- and L- lactides are optically active, mesois not (Fig. 4).46 Highly crystalline PLA can be obtained with low
D content (<2%), fully amorphous PLA on the other hand can be
obtained with high D content (>20%).48 Semi-crystalline PLA is
obtained with 2 to 20% of D content.2 The amount and
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stereosequence of these lactides in the polymer backbone give
rise to a wide range of molecular weights. These changes as a
result impact the melt behavior, thermal, mechanical, optical
properties, barrier properties and biological properties of
PLA.49,50
PLA is brittle, with relatively poor impact strength and low
thermal degradation temperature limiting its applicability.39,40
Relatively poor strength, coupled with its hydrophobicity, semicrystalline properties, limited thermal processability, lack of
reactive functional groups along the polymer backbone and
high cost constitute the majority of its limitation in wide
industrial and medical applications.39,45 Accordingly, to
compete with the low-cost and exible commodity polymers
and upgrade the PLA performance, considerable research eﬀort
is being carried out. These attempts include modifying PLA with
plasticizers, blending with other polymers,51 copolymerization,
and incorporation of llers.37,45,52
3.1.1. Plasticizers for poly(lactic acid). Low molecular
weight compounds such as oligomeric lactic acid, glycerol, triacetin, and low molecular weight citrates,17 partial fatty acid
esters53,54 are common plasticizers of PLA. A large number of
investigations have also been reported on blending PLA with
various polymers as plasticizers, for example, thermoplastic
starch (TPS),51 poly(ethylene oxide),55,56 poly(ethylene
glycol)(PEG),55 poly(3-caprolactone),55–57 poly(vinyl acetate),58
poly(hydroxy butyrate),59 cellulose acetate,60 poly(butylene
succinate),61 and poly(hexamethylene succinate),61 to improve
its exibility. Most of the resulting plasticized PLA materials
exhibited better impact resistance, increased deformation at
break and improved resilience. Table 1 reports common
monomeric and polymeric plasticizers and their plasticization
eﬀects on the glass transition temperature and mechanical
property of PLA.
The results in Table 1 show that all citrates at 20% concentration reduced the glass transition temperature and improved
the exibility while reducing the tensile strength of the PLA
control. A signicant improvement of elongation at break was
achieved at the expense of tensile strength. Ljungberg and
Wesslen63 also investigated the use of triacetin, tributyl citrate,
triethyl citrate, acetyl tributyl citrate, acetyl triethyl citrate as
potential plasticizers of PLA and reported a drastic lowering of
the glass transition temperature of PLA at concentrations as low
as 15% resulting in a homogeneous and exible lm. However,
it was reported that the migration of citrates onto the lm
surfaces during aging, especially the low molecular weight
citrates, was a major challenge.17 This issue could be addressed

Fig. 2

Basic structure of PLA.
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Fig. 3

Synthesis methods for high molecular weight PLA.44,45

by increasing the molecular weight. For instance, Ljungberg
and Wesslen17 transesteried tributyl citrate (MW 360 g mol1)
with diethyl glycol that resulted in two oligomeric plasticizers
with higher molecular weights (MW 4500 g mol1 and 63 600 g
mol1). The investigation of the eﬀects of these oligomers on
thermo-mechanical and aging properties of PLA shows that
both oligomers did not lower the Tg as greatly as monomeric
citrates. Among the two oligomeric plasticizers, a relatively
larger reduction in Tg was achieved by the oligomer with the
lower molecular weight.
Similarly, molecular weight variation, concentration and the
presence of polar amide groups of plasticizers can positively
interact with PLA chains, aﬀecting the compatibility between
PLA and the plasticizer and controlling elongation and
morphological stability that result in leaching during aging or
use.17,63 The plasticizer with lower molecular weight that resulted in lower Tg of PLA may also facilitate the migration of the
plasticizer from the bulk of the material compared to the higher
molecular weight plasticizer.17 The eﬀect of triacetin (0–30%)
and tributyl citrate (0–25%) loading on PLA was studied63 and
an almost linear decrease in Tg with the increase of plasticizer
content was observed.

Fig. 4
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3.1.2. Other methods of improving PLA performance. New
PLA toughening strategies using citrate family (tributyl O-acetylcitrate and tributyl citrate) to improve the PLA ductility were
reported by Hassouna et al.64 This strategy involves graing of
tributyl citrate onto neat and maleic anhydride modied PLA
with tributyl O-acetylcitrate.62 The maleation of PLA was carried
out by reactive extrusion with the aim of incorporating hydroxyl
functional groups into the PLA. The neat PLA and hydroxyl
functionalized PLA were then copolymerized with tributyl
citrate that already contains a hydroxyl functional group. Such
toughening was shown to drastically decrease the Tg of PLA.
However, the graing reaction of tributyl citrate into anhydridegraed-PLA revealed a shi of PLA Tg toward higher values
compared to neat PLA graed with tributyl citrate. Aer six
months of aging, no phase separation was observed and no
major leaching phenomenon was noticed in both cases. These
observations indicated that the mobility restriction as a result of
hydrogen bonding occurring between PLA and tributyl citrate as
well as the graing reaction of tributyl citrate into anhydridegraed-PLA diminished the leaching phenomena.
Maglio et al.55 studied the copolymerization of PLA with
poly(3-caprolactone) (PCL) and poly(oxyethylene) (PEO) to

Chemical structures of dimeric (a) D-lactide, (b) L-lactide and (c) meso-lactide.
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Mechanical and thermal performance of PLA plasticized with diﬀerent modiﬁers

Modiers

MW (g mol1)

Conc. (wt%)

Tg ( C)

Ea (MPa)

3a (%)

sa (MPa)

PLA54,55
Triethyl citrate54
Tributyl citrate54
Acetyl triethyl citrate54
Acetyl tributyl citrate54
Poly(oxyethylene)55
Poly(3-caprolactone)55
Glycerol51
PEG monolaurate51
Plasticized TPS51
PEG62
PEG62

137 000
276
360
318
402
10 000
10 000
92.09
400
—
1500
1500

100
20
20
20
20
21
20
20
20
25
10
20

59
32.6
17.6
30
17
31
35
53
21
—
34.3
23.2

1720

7
382
350
320
420
7
25
—
142
2.9
150
150

51.7
12.6
7.1
9.6
9.2
49
19
—
—
30.2
15.1
14.6

a

320
961

1750
1460

Tensile modulus (E), tensile stress at yield (s), and elongation at break (3).

3.2. Polyhydroxyalkanoates (PHAs)

piezoelectric, perfectly isotactic/optically active and biocompatible thermoplastic polyesters amenable to melt-processing
into various nal forms.71–74 High molecular weight PHAs have
attracted considerable attention as potential replacements for
non-degradable commodity plastics (e.g. polyethylene and
polypropylene), as well as biodegradable and biocompatible
biomaterials for implant purposes.72,75
Poly(3-hydroxybutyrate) (PHB), R ¼ methyl, being the rst
among the isolated PHAs, is the most extensively studied PHA
produced in nature in the presence of excess carbon by bacteria
as storage granules providing food, energy and reducing
power.76,77 This polymer and its copolymer with polyhydroxyvalerate to make poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are at present the only known PHAs relevant
for practical applications.78 PHB and PHBV are completely
biodegradable in the environment and can be extruded, moulded and spun on conventional plastic processing equipment.71,79 These features make these polymers an ideal
candidate for the production of biodegradable packaging
materials and other disposable articles.79 However, the industrial scale production of PHB/PHBV is hindered by roadblocks.
Thermal processing is challenging because of their relative low
decomposition temperatures near their melting points,
pronounced brittleness, very low deformability and susceptibility to a rapid thermal degradation.78,80 Furthermore, the
current cost of production of PHB is high compared to other
high-volume synthetic plastics.70,78 Because of its limited
thermal stability, the melt ow index changes rapidly with time

Microbial-produced PHAs are fully biodegradable bio-polyesters
produced by a wide variety of microorganisms for internal
carbon and energy storage as part of their survival mechanism.68,69 PHAs, also known as poly(4-alkan-2-oxelanones)
according to IUPAC naming, have attracted much attention
recently as alternative polymeric materials that can be produced
from renewable and biowaste resources. PHAs, with the general
structure shown in Fig. 5, vary widely in their structure and
properties (exibility, crystallinity, melting temperature, etc.),
depending on the producing microorganisms, the conditions of
biosynthesis and the type of carbon source.70 PHAs are

Fig. 5 General structure of PHAs. n ¼ 1 (R ¼ hydrogen, poly(3-hydroxypropionate); R ¼ methyl, poly(3-hydroxybutyrate); R ¼ ethyl, poly(3-hydroxyvalerate); R ¼ propyl, poly(3-hydroxyhexanoate); R ¼ pentyl, poly(3hydroxyoctanoate); R ¼ nonyl, poly(3-hydroxydodecanoate)), n ¼ 2 (R ¼ hydrogen,
poly(4-hydroxybutyrate)), and n ¼ 3 (R ¼ hydrogen, poly(5-hydroxyvalerate)).

improve the brittleness and reduce Tg. The copolymers obtained
as a result exhibited high elongations at break and as a result
much lower tensile moduli than the PLA pure polymer (Table 1).
The Tg of the copolymers was also much lower than that of the
original PLA. A recent study by Hassouna et al.62 investigated
graing of poly(ethylene glycol) (PEG) onto PLA through reactive extrusion to develop plasticized PLA. It was shown that the
Tg and modulus were invariably reduced. In all cases, both Tg
and elastic modulus were dependent on the content of PEG
graed onto the PLA. The in situ reactive graing of PEG onto
PLA exhibited a marked Tg reduction than the blending option.
Other plasticizers of PLA reported in the literature include
epoxidized soybean oil,65 ionic liquids,66 mixed plasticizers,67
etc.
In summary, it can be pointed out that several studies have
demonstrated that plasticizers play a signicant role in determining the performance properties of PLA plastics. Plasticizers
can solve most of the problems that occur during processing or
in nal use. New characteristics of PLA observed during plasticization may also pave the way to novel applications. The
limitations of the currently studied PLA plasticizers include
leaching during use, lack of thermal stability, need for oﬀering
more ductility and more performance, biocompatibility issues,
cost, need for high percentage loading to lower price of PLA,
need for a bio-based plasticizer that reduces the overall carbon
footprint, etc.
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and its volatile decomposition products need to be handled
safely. PHB's slow crystallization rates also lead to tacky products (e.g. bres, lms, etc.).70 Its copolymer with valerate (PHBV)
has overall better properties, especially regarding improved
toughness with an acceptable loss of strength and modulus.73
However, the present large-scale production cost of PHBV
remains higher than that of PHB.78
The toughness and processability of PHB can be improved by
incorporation of the hydroxyvalerate (HV) monomers in the
bacterial fermentation process.81 While PHBV with a high HV
content has high exibility, low crystallinity, and low crystallization rate, it compromises the yield strength and Young's
modulus of PHB, which can result in rubbery materials,
meanwhile, it increases the cost of materials.81 Various
approaches, such as use of nucleating agents, plasticizers and
agents that promote crystallization of the polymer, modication
of the polymer structure, blending, etc., have been carried out to
overcome the processing and product diﬃculties and other
shortcomings.70,73,78,82
3.2.1. Plasticizers for PHAs. The use of monomeric and
polymeric plasticizers of PHA lowers the glass transition
temperature and the melting points, allowing processing at
lower temperature and avoiding thermal degradation.79,82 In
addition, plasticizers improve both toughness and soness of
the polymer by decreasing its crystallinity, weakening the
intramacromolecular bonding and facilitating conformational
changes.83 The plasticization of PHBV using soybean oil, epoxidized soybean oil, epoxidized linseed oil, dibutyl phthalate,
polyester plasticizer (Lapol 108), triethyl citrate, acetyl tributyl
citrate and polyethylene glycol has been described in the literature82–88 as shown in Table 2.
It is observed from Table 2 that the plasticizers induced
depression of glass transition temperature and improvement in
the elongation at break with all the plasticizing additives used,
with the exception of triglyceride soy oil. From Park and Choi's
study,83 triethyl citrate was the most eﬀective plasticizer in
terms of reduction of the glass transition temperature as well as
in terms of improvement of the impact strength and elongation.
The diﬀerence in the eﬀectiveness of these plasticizers can be
attributed to the variation in the combined eﬀect of chemical
structure, molecular weight compatibility or solubility of the
plasticizer with the polymer.83 On the other hand, studies of
impact strength and elongation properties by Seydibeyoglu
et al.88 showed that functionalized oils such as epoxy soyate are

Table 2

much more eﬀective than triglycerides of epoxidized soybean or
linseed oil. This might be due to the better reactivity of epoxy
soyate than the counterpart triglycerides owing to its lower
molecular size and simple molecular structure.
The use of low molecular weight, biodegradable and nontoxic compounds as plasticizing additives such as dibutyl
sebacate (DBS), dioctyl sebacate (DOS), polyethylene glycol
(PEG), Lapro1503 (L503), Lapro15003 (L5003), and a nonpolar
polymer polyisobutylene (PIB) with concentration up to 50 wt%
was investigated to improve the deformative characteristics of
PHB.89 These plasticizers were completely compatible with the
polymer and formed a monophase system in mixtures of up to
15–20 wt%. Conversely, when the concentration was beyond 20
wt% the system becomes considerably weak, because of overloading. The majority of the plasticizers examined by the author
cause a considerable decrease in crystallization temperature
and improvement of mechanical properties. Other plasticizers
reported in the literature include dodecanol, lauric acid, tributyrin, and trilaurin.90
3.2.2. Other methods of toughening. Blending of PHB or
PHBV-based materials with polymers such as poly(butylene
succinate),81 poly(ethylene succinate),81,91 polyethylene,92 polypropylene,92 poly(3-caprolactone),93 poly(lactic acid),93,94 etc. has
been extensively examined, and improvements of mechanical
and thermal properties were reported. However, in most of
these studies poor interfacial adhesion and phase separation of
the PHB (V) and the other polymer blends was reported. These
limitations could be improved through the use of a compatibilizing agent, functionalization, chain extension, controlled
chemical crosslinking and optimizing the process conditions.
Ma et al.81 used a free radical initiator (dicumyl peroxide) to
induce compatibilization and partial crosslinking between PHB
and PBS. The resulting compatibilized blends were shown to
have a smaller particle size, improved interfacial adhesion and
consequently resulted in improved tensile strength, impact
toughness and elongation at break. Sadi et al.95 evaluated the
compatibilization eﬃciency of polypropylene/PHB blends with
copolymers such as poly(propylene-g-maleic anhydride), poly(ethylene-co-methyl acrylate), poly(ethylene-co-glycidyl methacrylate), and poly(ethylene-co-methyl-acrylate-co-glycidyl methacrylate). Their study showed that poly(propylene-g-maleic
anhydride), having the strongest adhesion between the phases,
was the most eﬃcient in terms of improving the mechanical
performance of the blend.

Eﬀect of plasticizing modiﬁers on the glass transition temperature and mechanical properties of PHBV

Sample

Modier concentration (wt%)

MW (g mol1)

Tg ( C)

3 (%)

TS (MPa)

PHBV83
Soy oil83
Epoxidized soy oil83
Dibutyl phthalate83
Triethyl citrate83
Epoxy soyate88
Soy oil88
Epoxidized linseed oil88

100
20
20
20
20
20
10
10

680 000
814.3
874.2
278.2
276.1
—
—
—

6.6
3.4
19.0
28.5
30.0
—
—
—

6
3
7.2
10
10
7.51
5.09
7.46

43.1
33.7
22.1
11.7
10.9
13.8
18.7
19.6

This journal is ª The Royal Society of Chemistry 2013

J. Mater. Chem. A, 2013, 1, 13379–13398 | 13385

View Article Online

Open Access Article. Published on 09 August 2013. Downloaded on 26/09/2016 21:08:37.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Journal of Materials Chemistry A
Optimization of the processing conditions, taking the relationship among structure, composition, and polymer properties
into account, is of particular importance as well.96 High
shearing rates during process operations such as extrusion (10–
100 000 S1) and injection molding (1000–100 000 S1)97 in
addition to the heating applied during processing are expected
to change the molecular weight and as a result its performance.
For instance, Yamaguchi et al.98 reported 25–30% molecular
weight reduction of PHB through shearing of PHB at 180  C, at a
shear rate of 6.3 s1 within 5 min interval in addition to an
order-of-magnitude decrease in shear viscosity.

3.3. Thermoplastic starch (TPS)
Starch, a polysaccharide of granular structure, is one of the
most attractive feedstock for the development of biodegradable
polymers because it is relatively inexpensive, abundant and
renewable. Starch plays an important role both in the development of the commercialized bio-based plastics99 and in the bioethanol industry. The role of starch in the development of biobased plastics could be in the development of (a) thermoplastic
starch (TPS) plastics where TPS is obtained through direct
modication of starch, (b) poly(lactic acid) where its feedstock
(lactic acid) is originated from starch derived sugars fermentation and (c) PHAs where starch derived sugars are used as a
carbon source for the microorganisms producing PHAs.
Starch is composed of two homopolymers of D-glucose: the
linear (1,4)-linked a-D-glucan amylase, typically constituting
about 30% of starch depending on the source of starch, and a
highly branched (1,6)-linked a-D-glucan amylopectin (Fig. 6).
Commonly, amylopectin takes part in the formation of a crystalline structure and amylose does not.100 Virgin starch is brittle
and diﬃcult to process into articles due to its relatively high
glass transition and melting temperatures. The Tg of virgin
dried starch is estimated to be approximately 240  C,101 which is
above the starting point of its thermal degradation (about 220

Fig. 6
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C).102 High Tg and brittleness of starch are mainly caused by the
presence of strong inter- and intra-molecular hydrogen bonds
between the starch macromolecules.101 Furthermore, TPS polymers based solely on starch are extremely water sensitive103 and
can suﬀer from signicant molecular weight change during
processing (extrusion or injection molding).104 These drawbacks
limit the possible shapes that can be imparted to the materials
into lms with adequate mechanical properties105 and thus of
limited practical value. Therefore, starch must be modied to
breakdown the crystalline granules, decrease the Tg and melting
temperature (Tm) either by incorporating plasticizers,106
blending with other polymers,51,52 chemical modication or
combinations before they can be processed into plastics.107
3.3.1. Plasticizers for thermoplastic starch. During the
thermoplastic processing of starch, typically between 70 and 90

C in the presence of a plasticizer (e.g. water), a semicrystalline
granule of starch is transformed into a homogeneous material
with hydrogen bond cleavage between starch molecules. This
process, called gelatinization, leads to loss of crystallinity106 and
is associated with the loss of double helices as well as with the
loss of lamellar and long range crystalline structure.108 Plasticizers penetrate starch granules and destroy the inner hydrogen
bonds of starch, and eliminate starch–starch interactions
because they are replaced by starch–plasticizer interactions.
The plasticized moldable thermoplastic material, called TPS, is
t for injection molding, extrusion or blow molding similar to
other synthetic thermoplastic polymers.109
There are several substances used as plasticizers for the
preparation of thermoplastic starch. Some of the most studied
and reported TPS plasticizers in the literature include polyols
such as glycerol, glycol, sorbitol, xylitol, maltitol, ethylene
glycol, propylene glycol, butanediol;107,110,111 sucrose, fructose,
mannose,112 fatty acids (such as myristate or palmitate),113 etc. It
is also necessary to note that water is a good plasticizer of
starch. However, the use of water alone as a plasticizer is not
preferable because the resulting product will be brittle when

Structure of starch polymers (a) amylose and (b) amylopectin.
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equilibrated with ambient humidity110 and due to volatilization
of water. Glycerol, a classical plasticizer of starch, is perhaps the
most widely studied and used polyol plasticizer of TPS. This is
because of its low cost, nontoxicity (for food and biomedical
application) and high boiling point (292  C). Moreover, the
hydrolysis and/or transesterication of lipids (triglycerides) into
fatty acids for the biodiesel industry produce glycerol as a byproduct. Utilizing such by-products provides glycerol with an
additional market driver in addition to the opportunity of
improving the economics of both the biodiesel and the bioplastic industries. Nonetheless, glycerol is known to leach out
during aging and humidity exposure, a major limitation for
large scale applications.
The properties of plasticized starch can be tuned by
changing the temperature of processing, water content and the
properties and amount of plasticizers. For instance, Yu et al.101
reported that the elongation at break of the thermoplastic
starch is signicantly improved by plasticization with glycol,
glycerol and hexylene glycol. In addition, the thermal properties
of plasticized starch are a function of water and plasticizer
content.110,114 The source of starch is also important for the
property of TPS. This is because starches from various sources
have diﬀerent amylose/amylopectin ratios, molecular weights,
molecular weight distributions and granular size crystallinity
(Fig. 7). This as a result inuences the gelatinization and glass
transition temperatures115,116 that are directly correlated with
the thermoplasticity of the TPS. The eﬀect of various plasticizers
at diﬀerent concentrations on the gelatinization temperatures,
thermal stability, and glass transition temperature has been
studied and reported in the literature. Some of the plasticizers
and their eﬀects are reviewed and shown in Table 3.
Abdorreza et al.117 showed that the type and concentration of
plasticizers govern the heat sealability as well as the seal
strength of sago starch based lms. The same authors showed
that sorbitol-plasticized lms exhibited signicantly better heat
sealability than did the glycerol type. However, the highest seal
strength was obtained with a combination of sorbitol and

Journal of Materials Chemistry A
glycerol. The eﬀect of starch gelatinization in the presence of
high molecular weight polyol plasticizers and water was also
studied under static and dynamic conditions by Taghizadeh
and Favis.108 Their investigation showed that glycerol and
sorbitol exhibited similar gelatinization temperatures, while an
ascending Tg was observed from glycerol to diglycerol and polyglycerol attributed to the viscosity and molecular weight
increase and hydroxyl bond density diminution of the latter two
plasticizers.
Other plasticizers such as urea, formamide, combinations of
urea and formaldehyde,125 used with thermoplastic corn starch
at diﬀerent concentrations were also reported. Property evaluation by Ma et al.125 showed that mixtures of urea (20 wt%) and
formamide (10 wt%) plasticized TPS exhibited better thermal
stability, water resistance and better mechanical properties
than conventional glycerol plasticized TPS. According to Ma
et al.,125 the reasons behind such property improvement with
the urea–formamide mix plasticizer could be due to the
formation of more stable and stronger hydrogen bonds with the
hydroxyl groups of starch molecules than with glycerol. Yang
et al.126,127 reported ethylenebisformamide, synthesized from
methyl formate and ethylenediamine, as a novel and eﬀective
plasticizer of corn starch and potato starch. Ethylenebisformamide was shown to be eﬀective in destroying the
crystalline morphology of the native starch granule and
conversion into a homogeneous phase TPS through plasticization and extrusion under shear and pressure. The morphology
of the native crystalline starch and the homogeneous plasticized starch at 25% and 30% ethylenebisformamide loading
was studied by scanning electron microscopy (SEM)126,127 and
shown in Fig. 7.
The SEM study (Fig. 7) clearly showed that the action of
ethylenebisformamide and temperature processing (in this case
extrusion) resulted in destruction of the crystalline native starch
granules (Fig. 7a and d) morphology to form a continuous phase
of TPS having a diﬀerent crystallinity as further conrmed by Xray diﬀraction crystallography.126,127 The eﬀect of plasticizer

Fig. 7 Scanning electron microscopy micrograph of (a) native corn starch granules, (b) ethylenebisformamide (25%) plasticized TPS, (c) ethylenebisformamide (30%)
plasticized TPS (adapted from: ref. 126 John Wiley & Sons, copyright ª 2006) and (d) native potato starch.
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Table 3

Common plasticizers for some of the common starch sources

Starch source

Plasticizer

Wheat starch in the
presence of water108

Glycerol
Sorbitol
Diglycerol
Starch (control)
Glycerol
Sorbitol
Sorbitol : glycerol (1 : 1)
Glycerol,118,119 PLA,120
poly(butylene adipate-coterephthalate)120
Glycerol–xylitol
Glycerol–sorbitol
Xylitol–sorbitol
Glycerol
Poly(ethylene glycol)
Sorbitol
Others(formamide,123 urea,124
propylene and triethylene glycol124)
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Sago starch117

Corn starch118,119

Potato starch111,121

Rice starch122–124

a

Feature Article

Gelatinization conclusion.

b

Plasticizer concentration
(wt%)

Gelatinization
onset ( C)

Gelatinization peak/
conclusion ( C)/Tg

65
65
65
0
30, 40, 50
30, 40, 50
30, 40, 50
—

74.7
73
90
123.7
149, 152, 141
124, 126, 122
120, 118, 142
—

91.5a
92a
115a
157.2b
169, 175, 164b
158, 151, 155b
150, 147, 176b
—

40
40
40
20, 25, 30, 35
3, 6, 9
30, 35, 40, 45
10–30

—
—
—

66.4c
69.3c
44.1c

Gelatinization peak. c Tg.

loading had also an eﬀect on the continuity of the plasticized
TPS phase. Higher concentrations resulted in more uniform
phases for the studied loading range. Possible hydrogen bond
formation between ethylenebisformamide and starch126 during
plasticization is shown in Fig. 8 below. The hydrogen bonds
formed can be stronger than the intra and intermolecular
bonds in starch, and as a result corn and potato starch were
eﬀectively plasticized with ethylenebisformamide.126,127 In
general, besides the plasticizer type, the quantity of plasticizer
used and the processing method applied also aﬀect the physical, thermal and mechanical properties of the resulting starch
based bioplastics. For example, Flores et al.128 studied and
reported the eﬀect of diﬀerent gelatinization and drying techniques on the performance of glycerol plasticized starch lms.
The authors128 nding shows that gelatinization and drying
techniques used to obtain TPS lms aﬀected network characteristics that as a result determines the changes in physical
properties potentially aﬀecting the lm performance as well.
In recent studies, the use of novel multifunctional ionic
liquid plasticizers such as 1-allyl-3-methylimidazolium chloride109,129 and 1-butyl-3-methyl imidazolium chloride as a plasticizer130 and a compatibilizing agent131 of starch has been
reported. Ionic liquids, organic salts that are liquid at ambient

Fig. 8

temperature, are gaining interest because of their unique
properties including non-volatility, non-ammability, low
viscosity, chemical and electrochemical stability.132 These
liquids (examples of structures are shown in Fig. 9) have strong
hydrogen bond forming abilities with starch owing to their high
concentration of chloride ions. TPS plasticized using 1-butyl-3methylimidazolium chloride shows less hygroscopicity and a
much higher elongation at break in the rubbery state than the
control glycerol-plasticized TPS samples.130 The potential
application of ionic liquids plasticized starch as solid
biopolymer electrolytes was also reported by Wang et al.129 This
paves the way for a wide variety of potential applications of TPS
bioplastics such as antistatic plastics, electronic shielding,
biosensor, and environmentally sensitive membranes.
3.3.2. Other methods of improving performance of TPS.
Chemical modication can also be an eﬀective method of
improving the processability and product performance of TPS.
For example, hydroxylation,133,134 acylation,135 oxidation136 and
acetylation136,137 of starch by substituting the ester or ether
groups for the hydroxyl were reported to improve the processing
behavior, hydrophobicity and mechanical properties. The
synthesis of thermoplastic starch acetate with a high degree of
substitution through acetylation of starch is one of the common

Possible hydrogen bonds between ethylenebisformamide and starch.126
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Chemical structure of ionic liquids 1-allyl-3-methylimidazolium chloride and 1-butyl-3-methyl imidazolium chloride.

chemical modications of starch.137,138 The starch acetates were
shown to have higher thermal stability and hydrophobicity due
to the reduction of the hydroxyl group with the acetylation.
Some of the chemical modications may reduce biodegradability, biocompatibility and generate some toxic chemical byproduct during synthesis.139 On the other hand, some of the
chemically modied starch (e.g. starch acetate) could be
biocompatible and safe enough to be used in tissue engineering
and other medical applications.138
Other toughening modications recently reported in the
literature to improve performance and overall economics of TPS
based polymers include blending of TPS with protein,131 PVA,140
polycaprolactone, polyhydroxybutyrate, polymethacrylate, polystyrene mostly in the presence of urea and polyol plasticizers.103,120 Surface modications such as polymeric surface
coating,109 chemical and photo crosslinking of TPS and blends
were also shown to reduce surface hydrophilic characteristics
and improve water resistance, increase the tensile strength and
Young's modulus while decreasing the elongation at
break.140–142 In summary, starch based plastics have grown to
represent a major portion of the biodegradable polymer market.
The commercial success of TPS polymers is hugely aﬀected by
the source, safety, quality, cost and functionality of plasticizers.
Selective plasticization/toughening methods of TPS provide an
attractive base for developing starch polymers that can be used
as biodegradable and renewable packaging materials, environmentally sensitive membranes, and in biomedical and pharmaceutical applications such as drug and protein carriers,
tissue engineering applications, etc.

3.4. Protein based plastics
Proteins are renewable, biodegradable and optically active
natural143 polymers produced by animals, plants and bacteria.
Until recently proteins have been utilized exclusively in the food
industries. Recent studies on non-food uses of agricultural
feedstock initiated an interest in protein based plastics as well.
Due to the continuous and cohesive matrix forming ability of
proteins, various proteins of both plant and animal origin have
received attention for the production of biodegradable plastics,
edible lms and sheets.144,145 Furthermore, microencapsulating
agents and active compounds in pharmaceutical applications,146,147 adhesives, blend and composite materials,142,148
wound dressing149 and bionanocomposites142,150 can be
produced. Protein based biomaterials can also promote tissue
regeneration, such as new bone growth,149 integrate into blood
clots and stimulate collagen deposition, and stimulate cells to
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produce new tissue, with no need for expensive growth
factors.151 Plant proteins that can be used for bio-based plastics
include soy protein,150 corn zein,33 wheat protein,152,153 cottonseed protein,154 sunower protein,155 etc. Animal proteins such
as blood meal,156 gelatine and collagen,157 keratin and feather
quill,158 egg protein,159 whey protein,155 meat and bone
meal160,161 can also be used as a feedstock of such bio-based
plastics (Table 4).
Proteins are interesting biomaterials based on 20 amino
acids which confers a wide range of functional and lm-forming
properties as a function of various extrinsic or intrinsic conditions such as plasticizer type and concentration.162 The major
drawback of protein-based plastics, with the notable exception
of keratin, is their sensitivity towards relative humidity.163 For
example, Zheng et al.163 reported that soy protein sheets
submerged in water for 20 h absorbed up to 180% water. In
addition, protein lms and coatings are oen quite stiﬀ and
brittle due to extensive intermolecular interactions between
protein chains through hydrogen bonding, electrostatic forces,
hydrophobic bonding and disulde cross-linking.34 Thus,
thermoplastic processing of proteins into bio-based plastics is
usually accompanied by plasticization and/or other form of
modication for the successful development of useful proteinaceous biopolymers. Plasticizers can reduce the aforementioned chain-to-chain interaction and induce exibility,
moisture resistance and ease of processability.
Thermosetting protein plastics processing, on the other
hand, occurs through chemical crosslinking that involves the
formation of covalent bond bridges between protein chains by
using a crosslinking agent. The crosslinkers chiey target the
reaction between themselves and protein functional groups –
such as primary amines, carboxyl, hydroxyl, and sulydryls – of
amino acid residues to provide mechanical strength and
moisture resistance.160,161 Protein-polymer graing is another
method of producing a protein based biomaterial usually with
complementary advantages of each component. Thermoplastic
processing, which involves melting a polymer followed by
shaping and cooling, is the most widely adopted method for the
production of protein-based bioplastics.
3.4.1. Plasticizers of protein based plastics. Plasticizers of
proteins are generally added to the protein matrix during
thermoplastic processing such as extrusion or injection
molding to improve processability, reduce brittleness and
modify the properties of the nal structure.164 Plasticizers added
to the protein resin or compound usually consist of low
molecular weight, low volatility substances, which mainly
compete for hydrogen bonding and electrostatic interactions
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Table 4

Examples of plasticizers, animal and plant derived protein biomass, and the mechanical properties of the biopolymers made

Plasticizer

Protein studied

TS (MPa)

E (MPa)

3 (%)

Ref.

Urea (20%)

Blood meal
Wheat gluten
Feather quill
Chicken bers
Corn zein
Corn zein
Wheat gluten
Soy protein
Feather quill
Chicken feathers
Peanut proteins
Sunower protein
Chicken feathers
Sunower protein
Feather quill
Chicken feathers
Sunower protein
Feather quill
Soy protein
Gelatin
Gelatin
Gelatin

12.3
—
19.2
19.0
20
19.3
6.7
13.8
15.2
15.7
8.0
8.5
17.8
8.7
16.8
22.3
7.2
20.5
4.5
54
52
57

608
—
1267.9
907.9
1325
620
51
250.5
380.5
332.3
147.0
—
354.0
—
321
811.2
—
529.5
108.4
2500
1997
2250

—
—

156
165
158
166
167
167
168
169
158
166
168
170
166
170
158
166
170
158
169
171
171
171

Diethyl tartrate (30%)
Dibutyl tartrate (30%)
Glycerol (30%)
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Ethylene glycol (30%)

Propylene glycol (30%)

Oleic acid (20%)
Sorbitol (20%)
Mannitol (20%)

with the protein chains to produce swelling.34 Table 4 below
summarizes common plasticizers for diﬀerent protein biomass
sources that have been used in the thermoplastic processing of
proteins in the literature.
Similar to most other bio-based plastics, the composition,
size, and shape of plasticizers inuence the mechanical, physical, thermal, moisture permeability and aging behavior of
proteinaceous plastics.158,166,170,171 Orliac et al.170 demonstrated
that sunower protein isolate lms plasticized with diﬀerent
polyalcohols, such as glycerol, ethylene glycol, propylene glycol,
polyethylene glycols, and polypropylene glycols, exhibited high
mechanical properties, and good moisture impermeability to
the level that it can be used for agricultural mulching. Cao
et al.171 compared the plasticizing eﬀect of polyethylene glycol
(PEG) with diﬀerent molecular weights (300, 400, 600, 800,
1500, 4000, 10 000, 20 000) on gelatin lms. The result showed
that PEG with lower molecular weight gave better plasticizing
eﬀect (higher elongation), lower water vapor permeability and
better visual eﬀect. An increase in molecular weight of PEG in
contrast induced an increase in the tensile strength, elastic
modulus and a decrease in the elongation of gelatin lms. Polar
groups (–OH) along plasticizer chains are believed to develop
polymer–plasticizer hydrogen bonds replacing the polymer–
polymer interactions in biopolymer lms.172 Thus, hydrogen
bonding ability of PEGs was aﬀected by factors such as the
number of hydroxyl groups per mole, molecular size, solubility
and polarity that will explain the observed variation. Recent
studies by Ullah et al.158,166 also demonstrated that the variation
in hydrogen bonding interactions between plasticizers (glycerol,
diethyl tartrate, propylene glycol and diethyl tartrate) and
keratin from poultry feather quills and poultry feather ber
could be responsible for the variation in plasticization eﬃcacy.
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1.6
3.3
—
—
118
177.5
13.6
8.5
63.0
140
43.8
23
64.9
7.6
63
11.2
8.5
2.9
4.4
4.5

The best mechanical properties, transparency, owability, and
processability were observed in the case of ethylene glycol
plasticized keratin quill and keratin feather, conceivably
because of the formation of strong hydrogen bonding between
the ethylene glycol and quill keratin.
Proteins are hydrophilic materials and as such they need to
be coupled with adequate plasticizers to reduce the water
absorbance of the corresponding plastics. Therefore, extensive
attempts to improve moisture barrier properties are being
conducted.173–175 The introduction of hydrophobic materials
such as lipids, long chain fatty acids and waxes incorporated
into protein lms has shown promising results.173,176,177 For
instance, Sohail et al.173 studied and reported the moisture
barrier property improvement of protein biopolymers (casein
lms), as a result of wax incorporation in the lm formation and
surface wax coating. The wax application on moisture barrier
properties was more eﬃcient in wax-coated casein lms than
wax incorporated biopolymers. While both wax-coating and
incorporation improved the exibility of the lms at the
expense of tensile strength reduction, the wax incorporated
polymers exhibited better exibility than the coated ones.
Pommet et al.176 likewise reported an improvement in the water
vapor permeability of gluten protein lms with the use of
saturated fatty acids with an even number of carbons from 6 to
18
(C6 : 0 : hexanoic
acid,
C8 : 0 : octanoic
acid,
C10 : 0 : decanoic acid, C12 : 0 : lauric acid, C14 : 0 : myristic
acid, C16 : 0 : palmitic acid, C18 : 0 : stearic acid).
Shellhammer and Krochta178 studied the eﬀect of lipid type
and amount on the plasticization of whey protein biopolymer
using beeswax, candelilla wax, carnauba wax and a high melting
fraction of anhydrous milk fat. According to the authors, an
increase in lipid level decreased the strength of the biopolymers.
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Among the studied lipids, candelilla wax incorporation provided
the weakest lms, followed by beeswax, milk fat, and carnauba
wax. Furthermore, a positive correlation between water vapor
permeability of the lipids and the lipid plasticized protein plastics
explains the increment in water vapor permeability of some of the
biopolymers. Fabra et al.177 reported the formation of bilayer
structures by saturated fatty acids in sodium caseinate lm
forming solution that led to water vapor permeability improvement. The self-association of saturated fatty acid molecules occurs
to form bilayers of diﬀerent sizes in the lm forming dispersions,
and these laminar structures grow and persist in the dried lm.
The crystal formations as a result greatly limit water vapor
permeability and yield rigid nonexible lms that show opacity
and low gloss. According to the same authors,177 unsaturated fatty
acids such as oleic acid did not form laminar structures due to the
double bond while it provokes a synergic plasticizing eﬀect with
water that seriously increased the water vapor permeability and
lm exibility at intermediate relative humidity levels.179
The synergetic eﬀects of using mixed glycerol (polar) and
oleic acid (amphiphilic) plasticizers on sodium caseinate179 and
zein protein biopolymers180 were also reported recently.
According to Ibragimo et al.,181 the plasticization obtained by
glycerol is structural (inter-packet) and that of oleic acid is
molecular (intra-packet). These two diﬀerent molecules with
diﬀerent plasticization mechanisms provide the possibility for
their interaction during lm formation. The combination of
these two plasticizers in zein lms exhibited synergy and as a
result a change in tensile strength (highest at 3 : 1 ratio of oleic
acid to glycerol), decrease in glass transition temperature and
change in microscopic molecular structure were observed.180
Tummala et al.182 reported the use of glycerol, sorbitol and
their blend to plasticize and compatibilize soy-protein and polyester amide, and compared their inuence on the performance of
the resulting biopolymers. While sorbitol plasticized soy-polyester amide plastics were more rigid, with a higher tensile
modulus and tensile strength and thermal stability, glycerol
plasticized soy-polyester amide plastics had the highest impact
strength. The blend of the two on the other hand provided an
intermediate tensile strength and modulus. Other types of
protein biopolymer modications reported in the literature
include blending of gelling agents such as agar, agargel, phytagel,183 incorporation of nanoclays,184 etc. A recent study by Kim
and Netravali183 demonstrated that the blending of gelling agents
with soy protein signicantly improved the mechanical, thermal
stability resistance of the protein biopolymers. This is because of
the possible formation of interpenetrating network (IPN) structures between the gelling agents and the protein with a high
degree of intermolecular interactions.183
3.4.2. Other methods of improving performance of protein
based plastics. The most commonly utilized techniques for
polymer modications besides plasticization are blending,
graing, crosslinking, and composite formation, which are all
multicomponent systems.185,186 While blending is the physical
mixing of multiple polymers to obtain the requisite properties,
graing and crosslinking are among the major irreversible
methods of chemically modifying polymer properties. Graing is
a method by which a monomer or a polymer is covalently
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attached onto another polymer chain. Crosslinking on the other
hand is the joining of two or more molecules or molecular chains
through a covalent bond by another monomer or polymer called
crosslinking agent. Graing of polymers to protein chains results
in a new class of proteinaceous biomaterials comprising natural
and synthetic building blocks that are important in diverse elds
of application including drug delivery, biotechnology, nanotechnology and nanobiotechnology.187,188 Materials produced as a
result of covalent attachment of synthetic polymers to proteins
have the potential to synergistically merge the advantages of
proteins and synthetic polymers. The hybrid materials may keep
the chemical structure, diverse functionalities, stability, solubility, biocompatibility and biocompostability of proteins while
keeping the stability and processability of synthetic
polymers.189,190
The gra polymerization of styrene on soy protein isolate,191 2hydroxyethyl methacrylate on soy protein,192 poly(ethylene glycol)
on soy protein,193 polycaprolactone on zein,194 waterborne polyurethane on soy protein,195 poly(ethylene oxide) diglycidyl ether
on wheat protein,196 methyl methacrylate, ethyl methacrylate and
butyl methacrylate on camelina meal197 has been widely reported.
Wu et al.194 reported that the graing of polycaprolactone onto
zein protein resulted in a dramatic exibility improvement, while
the strength remained constant. Moreover, the glass transition
temperature and melting temperature were also shown to
decrease due to the plasticizing eﬀect of polycaprolactone on the
protein. Kurniawan et al.196 also showed that the chemical
modication of wheat protein based biopolymers with poly(ethylene oxide) diglycidyl ether resulted in the formation of a
diﬀerent network structure of the biopolymer with an improved
exibility, and improved mechanical performance.
Chemical crosslinking modication of protein with various
agents to improve the mechanical, thermal and moisture
resistance of the resulting biopolymers is another technique
that has been widely studied.160,161,196,198,199 Chemical crosslinking of proteins usually depends on the availability of
particular chemicals that are capable of reacting with the
specic kinds of functional groups that exist in proteins. The
most extensively used chemical crosslinking agents of proteins
include aldehydes (formaldehyde, glutaraldehyde, glyoxal,
benzaldehyde),161,200,201 carbodiimide, maleic anhydride,
hydroxysuccinimide, etc.202–204 Most of the studies show that
crosslinking improved the tensile strength, tensile modulus,
and moisture and solvent resistance, while the exibility is
reduced.160,161 In summary, protein-based plastics can be easily
modied through plasticization; graing or crosslinking due to
the presence of several functional groups provides proteinbased plastics great promise in a wide range of applications.
Further research into plasticizer/modication technique selection that combines the characteristics of the diﬀerent protein
feedstock with performance is necessary if protein based plastics are to achieve their full commercial potential.

3.5. Cellulose acetate
Cellulose is an abundant, renewable, and biodegradable natural
polymer that constitutes the skeletal part of plants. It is a
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homogeneous polysaccharide formed by repeating connection
of D-glucose building blocks (Fig. 10), with an average degree of
polymerization of 1500 to 3000 depending on the source.205
Industrial materials are being developed from cellulose and its
derivative over a broad range of application because of its
abundance, environmental and biocompatibility benets, relatively low cost and ease of modication. Cellulose by itself is
poorly soluble in common solvents and is not melt processable
as it decomposes before it undergoes melt ow.206 Nonetheless,
the chemistry of cellulose opens the way to various chemical
modications, such as esterication and etherication give
entry into a broad variety of products including coatings, base
for photographic lms, lters, pharmaceutics, fragrances,
polymer additives, membranes and building materials.207–209
The most industrially relevant and oldest biodegradable cellulose ester derivative is cellulose acetate.208 Cellulose acetate and
mixed cellulose esters, such as cellulose diacetate, cellulose
triacetate, cellulose acetate propionate, and cellulose acetate
butyrate, are all commercially available materials.208 These
thermoplastic materials are usually synthesized through esterication of cellulose,210 where other substituent groups replace
the hydroxyl groups of cellulose (Fig. 10). For instance, cellulose
acetate is the product of esterication reaction between cellulose and acetic anhydride in the presence of sulfuric acid
catalyst to form fully acetylated cellulose triacetate, followed by
partial hydrolysis to remove acid catalyst and produce a degree
of substitution in the polymer that yields the desired working
properties.211 Other methods of cellulose ester synthesis, such
as transesterication of cellulose with vinyl esters under catalysis, are reported in the literature recently.212
Raw materials such as cotton, recycled paper, wood cellulose,
and sugarcane are used in making cellulose ester biopolymers in
powder form.210 Cellulose ester powders combined with plasticizers and additives are extruded to produce various grades of
commercial cellulosic plastics in pelletized form. Of great
interest as potential biodegradable plastics are also long chain
aliphatic acid esters of cellulose.206,213 These cellulose esters are

Fig. 10 Schematic representation of the molecular structure of (a) cellulose (ndegree of polymerization) and (b) cellulose ester (R-functional group for each
type of cellulose ester).
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characterized by stiﬀness, moderate heat resistance, high moisture vapor transmission, grease resistance, clarity and appearance, and moderate impact resistance.206 The presence of polar
functional groups in the cellulose acetate chain oﬀers an additional advantage of aﬃnity to solvents including plasticizers and
lithium ions for the development of polymer electrolytes.214
Nevertheless, owing to the high viscosity and elevated glass
transition temperature, cellulose acetate derivatives themselves
are not processable as a thermoplastic.209 In an eﬀort to modify
its properties and facilitate processing, cellulose acetate is
modied through plasticization by various aliphatic and
aromatic esters,215,216 chemically modied through graing onto
the polysaccharide backbone, and modication by forming
polymer blends.208,216,217
3.5.1. Plasticizers for cellulose acetate. The thermal and
rheological properties of polymers are crucial factors for thermoplastic processability of polymers. A broad processing
window without thermal degradation of polymer is necessary to
adjust the required rheological behavior of the polymers.
Cellulose acetate is characterized by high glass transition and
melting temperatures. As such the addition of processing aids
such as plasticizers is required to improve its rheological
behavior or thermal processability in the polymer melt. The
most common plasticizers for cellulose acetate plastics reported
in the literature include diethyl phthalate, dimethyl phthalate,
triphenyl phosphate, ethylhexyl adipate, exol, triacetin, glycerol triacetate, triethylene, glycol dipropionate and a wide
variety of other plasticizers.218–220
Zepnik et al.221 have recently studied the eﬀect of plasticizer
type and concentration on cellulose acetates using benzoate,
acetates, phosphate and citrates based plasticizers. An increase
in plasticizer concentration resulted in signicant broadening
of the thermoplastic processing window due to a strong
decrease in glass transition temperature. It was thus possible to
tune the rheology, melt strength and thermoplastic processing
cellulose acetate by changing the plasticizer concentration. On
the other hand molecular size, chemical structure, and solubility variation of plasticizers were shown to inuence its
compatibility, and ultimately the eﬃcacy. It is generally agreed
that plasticizers that have higher thermodynamic compatibility
with the base polymer cause better plasticization than those
with limited compatibility. The selection of an eﬃcient plasticizer for cellulose esters was suggested by Fridman and Sorokina219 who developed a set of criteria for eﬃcient
plasticization of cellulose acetate. An eﬃcient plasticizer should
take into account the compatibility of components, temperature
durability and mechanical properties during processing and
service time of the nal polymer.
The eﬃciency of a plasticizer depends also on the loading
concentration. Fig. 11 and 12 show the eﬀect of one of the
common cellulose acetate plasticizer (diethyl phthalate)
concentration on the thermal and mechanical properties of
cellulose acetate (drawn from tabulated data reported by Fridman and Sorokina219). As the plasticizer concentration
increases, a reduction in glass transition temperature was
observed and hence a signicantly lower processing temperature is needed, while a substantial thermal stability drop
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resulted in the cellulose ester plastic (Fig. 11). On the other
hand, an increase in plasticizer concentration resulted in an
increment of impact strength (Fig. 12) and elongation at break
accompanied by a drop in tensile strength. Similar trend of
cellulose acetate stiﬀness and toughness properties was
observed by Mohanty et al.210 upon increasing triethyl citrate
plasticizer concentration. In summary, the type of the plasticizer and optimum plasticizer concentration are key parameters
to reduce the processing temperature without compromising
the stability and other performances of the plastic.
While cellulose acetate or its degradation products are safe,
some of its common plasticizers such as phthalates, triacetin,
glycerin, polyethylene glycol are associated with high toxicity,
relatively high diﬀusion and water solubility.222,223 For example,
deterioration of cellulose acetate as a result of migration or
evaporation of plasticizers, reaction of plasticizers with other
chemicals in their surroundings to form other products has been
documented in the literature.218 As a result of such deterioration,
not only unsafe plasticizers and plasticizer reaction products are
released to the environment, but materials developed from
cellulose ester became prone to cracking, warping, discoloration,
exudation, shrinkage and powdering as they age.224
To mitigate these safety issues in addition to awareness of
green technology and government legislations, several mitigation eﬀorts are being conducted. These eﬀorts include the
development of safe, more stable and more compatible, biobased, and functional plasticizers. Sugar based plasticizers,
such as sorbitan,216,225 polyoxyethylene sorbitan monopalmitate,225 polyoxyethylene sorbitan monostearate,216 are also
reported. The use of an ionic liquid plasticizer synthesized from
choline chloride and urea, such as deep eutectic solvent (DES),
has been recently reported as a safe and novel plasticizer of
cellulose acetate.226 These plasticizers have the high solvating
potential of crystalline cellulose acetate, and are less expensive,
non-toxic and biodegradable in addition to their large electronegativity and delocalization of charge that enables them to
positively inuence ionic conductivity of cellulose ester.226,227
Other ionic solvent cellulose ester plasticizers reported in the
literature include 1-allyl-3-methylimidazolium chloride,228 and
other ionic liquids based on methylimidazolium and methylpyridinium cores with allyl-, ethyl-, or butyl-side chains.229
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Fig. 12 Inﬂuence of diethyl phthalate concentration on impact strength (:),
elongation (-) and tensile strength (TS) (A) based on the data from Fridman and
Sorokina.212

3.5.2. Other techniques of improving performance of
cellulose acetate. Chemical modication of cellulose acetate
through graing and crosslinking with other polymers is the
other widely reported strategy for improving the performance of
cellulose acetate.208,217,230 Gra copolymerization of polymers
generally oﬀers an attractive and versatile means of imparting a
variety of functional groups to a polymer.185 Cellulose acetate
graing is a process aimed at the introduction of branches of
synthetic polymers along the main polysaccharide chain to
confer specic additional properties to the former without
modifying its intrinsic characteristics.231 Graing oﬀers the
opportunity to combine the best properties of two or more
polymers in one physical unit. Moreover, by varying parameters
such as the degree of polymerization, polydispersities of the
main chain and the side chains, gra density, and the distribution of the gras, a more polymeric material with more
valuable properties may result.217 Graing of cellulose acetate
with other polymers such as poly(lactic acid),232,233 poly(methyl
methacrylate),231,234 poly(hydroxybutyrate-co-valerate),235 caprolactone,32 polystyrene,236 poly(ethylene glycol) and poly(hydroxybutyrate)237 with new and improved performance
features including better conductivity, thermal stability, and
other marked advantages with better control and property
tuning capability has been reported in the literature.

4.

Fig. 11 Inﬂuence of diethyl phthalate concentration on Tg (:) and processing
temp (-) based on the data from Fridman and Sorokina.219
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Concluding remarks

The rapid technological development of bio-based plastics,
such as PLA, polyhydroxyalkanoates, (PHA), bio-based epoxy
resin and bio-based PE, has yet to be translated into signicant
market impact, primarily due to high production cost and
performance limitations. Plasticizers are important additives
and performance enhancers of polymers. As such they can
augment the processability of most of these bio-based plastics,
and constitute a signicant opportunity and at the same time
barrier in the applications of bio-based plastics in various elds
of applications. Moreover, the performance, safety, biodegradability, economics and functional utilization of bio-based
plastics are strongly dependent on the performance of the
incorporated plasticizers. This review highlights that selective
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use of a plasticizer at an optimum concentration allows
controlling the balance between the processability, strength,
modulus, toughness and other important mechanical properties of plastics. Such a selection is usually conducted based on
reasons for application of plasticizer, mechanism of plasticizer
action, interaction and eﬀect of the plasticizer on other additives besides the biopolymer, concentration range depending
on the application.
In addition to the sanction of some common plasticizers (e.g.
phthalates) for various applications, due to environmental and
health concern as a result of migration and leaching during aging
or use of plastics, newer concerns are emerging with regard to the
eﬀect of plasticizers in maintaining the renewability and biodegradability of bio-based plastics. The development and utilization
of bio-based plasticizers such as polyols, fatty acids and fatty acid
derivatives, epoxidized soy oil, ester amides, citrates and ionic
liquids, such as methylimidazolium chloride and deep eutectic
solvent are widely reported to tackle such issues. These new forms
of plasticizers oﬀer new dimensions of plasticizer selection that
provide additional functionality (e.g. electric conductivity by ionic
liquids) to the bio-based plastics and some of the others provide
high safety to be used even in edible food packaging applications.
While most of the fundamental mechanism, physico–chemical
interaction or rule of thumb in the selection of a suitable plasticizer were established for the synthetic plastics (mainly for PVC),
there are hardly no newer theories/mechanisms for the relatively
new bio-based plastics. As a result, most of the current plasticization investigations are conducted under the assumption that
the mechanisms developed for PVC would also be valid for the
bio-based plastics. A fundamental understanding of the plasticization mechanism of bio-based materials is essential, along with
their similarity and diﬀerence with PVC, if they are to reach their
full potential and success.
Besides the usual purpose of improving exibility and processability, research is progressing in areas such as the search and
modication of plasticizers that impart additional functions of
ame retardancy, optical quality, electric conductivity or insulation, thermoxidative stability, chemical and temperature (high
and low) resistance in demanding environments; reactive plasticizers that provide chemical integrity, gas and moisture impermeability improvement, provide or improve biodegradability and
biocompatibility to the polymers are under investigation. The
migration of some of the current bio-based plasticizers through
either volatilization or mass transfer to a liquid or solid in contact
poses another challenge. These and the other challenges led to
the search for newer types of plasticizers and alternative methods
of improving the processability and overall performance. Some of
the alternative methods to plasticization include molecular
orientation, physical and reactive blending, chemical crosslinking and graing of the bio-based polymers with other polymers to tailor the ultimate product properties.
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