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ABSTRACT
As one of the most abundant naturally occurring polysaccharides in the world, starch and
its derivatives have been extensively used in various applications, such as food and
pharmaceutical industries. The current thesis work mainly focuses on the utilization of
starch in the preparation of starch/biodegradable polyester blends and as antimicrobial
agent carrier in the antimicrobial packaging materials.
In the first part of the study, starch was melt blended with the biodegradable polyester,
poly(butylene adipate-co-terephthalate) (PBAT) for the preparation of a low cost
biodegradable composite material. In order to improve the mechanical properties of the
composites, starch and PBAT were compounded in the presence of compatibilizers and
modified PBAT. The tensile strength, elongation at break and starch dispersion of the
resulting composites were enhanced compared to the original PBAT/starch blends.
In the second part of the study, a non-leaching antimicrobial film based on linear low
density polyethylene (LLDPE) as packaging material was prepared using starch as the
antimicrobial agent carrier. The antimicrobial activity and the non-leaching effect of the
resultant films were assessed and confirmed through shaking flask test and ring diffusion
test, respectively.
In the third section, a non-leaching antimicrobial biodegradable PBAT packaging material
in the presence of antimicrobial thermoplastic starch (ATPS) and coupling agent were
prepared. The results from antimicrobial test suggested that the prepared film was able to
deactivate E. Coli within a short time at a relatively low dosage. The water washing and
ring diffusion tests further demonstrated the non-leaching effect of the antimicrobial agent.
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In the fourth part of this dissertation, the biodegradation behavior and antimicrobial
property of the novel antimicrobial PBAT films before and after a three-month soil burial
test was investigated. The weight retention data indicated that both PBAT and starch were
still able to degrade in the presence of antimicrobial agent, yet the biodegradation rate was
retarded. The film samples containing coupling agent presented growth inhibition against
E.Coli over 99% after the three-month biodegradation test due to better PHGH retention.
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INTRODUCTION
Starch is one of the most abundant naturally occurring polysaccharides in the world. As an
inexpensive, biodegradable and renewable material, starch and its derivatives have been
extensively used in various applications, such as food and pharmaceutical industries.
However, native starch molecules present hydrophilic properties and strong intermolecular association via hydrogen bondings due to the hydroxyl groups on the starch
backbones [ 1]. The further application of starch may have to overcome the incompatibility
problem between starch and other materials. Therefore, starch modification has become
more important in order to render starch novel applications for different purposes. The
current work is mainly focusing on the compounding of starch with biodegradable
polyester to balance the cost and performance, and to prepare a thermoplastic starch based
antimicrobial agent applied in the polymeric material system.
The traditional synthetic plastics are produced from petrochemicals and have been widely
used in a broad range of applications, such as packaging and mulching films. But the
inherent non-biodegradability of the traditional plastics has also resulted in negative effects
with regard to their wastes. These persistent plastics are becoming a significant source. of
environmental pollution, harming wildlife, yielding toxic emissions when burning [2]. In
order to minimize the environmental problems, researchers have developed a series of
biodegradable polymeric materials which are ultimately able to be converted into carbon
dioxide, water or other small molecules by the open environment and the microorganisms.
The

typical

biodegradable

polymers

include

poly

(lactic

acid)

(PLA)

[3],

polyhydroxyalkanoates (PHAs) [4], poly (E-caprolactone) (PCL) [5], poly(butylene
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succinate) (PBS) [6], poly(butylene succinate-co-butylene adipate) (PBSA) [7] and
poly(butylene adipate-co-terephthalate) (PBAT) [8]. Among all of the biodegradable
plastics mentioned above, the aliphatic-aromatic polyester PBAT has attracted great
attention due to the similar processing conditions and mechanical properties compared to
the low density polyethylene (LDPE) as well as the compliance with the compostable
plastic specification of ASTM D6400 [9]. Despite all the advantages, the manufacturing of
biodegradable polymers is costly and there is an urgent need to overcome this high cost.
Using agricultural products such as starch to prepare innovative composite materials with
biodegradable plastics is considered as a promising approach to reduce the overall
expenses. A series of processing techniques and compatibilizers have been investigated in
order to improve the compatibility between PBAT and starch in the current work.
Besides the application in biodegradable materials, starch has also been used m
antimicrobial materials. The booming demands on safe food and personal care products
have given rise to the emergence of active packaging materials. Antimicrobial packaging
is one of the most typical active packaging materials which is not only beneficial to the
consumers but also to the food and hygiene industries as the innovative packaging is able
to extend the shelf-life of products through deactivating or reducing the growth rate of
various microorganisms [10-12]. However, due to a potential concentration dependent
toxicity, the active concentration of antimicrobial agents or preservatives applied to food
packaging and medical devices must be kept as low as possible [13, 14]. Such a market
and regulatory requirement suggests that the development of a flexible polymeric
packaging material with highly effective antimicrobial property appeared to be necessary,
meanwhile, the leaching effect of the incorporated antimicrobial agent has to be well
2

controlled [15]. The common cationic polymers, especially the polyhexamethylene
guanidine hydrochloride (PHGH), have presented excellent growth inhibition against
various pathogenic microbes [16, 17]. More importantly, bacteria can hardly develop drug
resistance as the consequence of the unique physical action of guanidine polymers [18].
However, the low molecular weight of PHGH makes it unsuitable to be applied directly
onto the surface of the packaging as it can be easily washed off, which will result in the
leaching effect. In this work, PHGH is blended with starch through twin-screw extruder to
prepare a novel antimicrobial thermoplastic starch (ATPS). Then ATPS is compounded
with PBAT and linear low density polyethylene (LLDPE), respectively, to prepare the nonleaching antimicrobial films.
This dissertation covers the compounding of starch with biodegradable polyester, in order
to reduce the general cost meanwhile to improve the performance of the prepared
composite material, and to prepare an antimicrobial thermoplastic starch which can be used
as a general antimicrobial agent with various polymer systems. Besides, the antimicrobial
property and biodegradability of the antimicrobial biodegradable films have been
evaluated. The overall objectives of this dissertation were:
( 1) to modify PBAT with several chain extenders, and to investigate the effect of structure
change of PBAT on the properties of PBAT/TPS composite;
(2) to synthesize a novel compatibilizer which can be used in the PBAT/TPS compounding
system to improve the mechanical properties of the prepared films;
(3) to prepare ATPS and evaluate its antimicrobial property;
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(4) to prepare antimicrobial LLDPE/ATPS and PBAT/ATPS composite films and to
examine the non-leaching effect of the films as well as to evaluate their antimicrobial
properties;
(5) to investigate both the antimicrobial property and the biodegradability of PBAT/ATPS
films before and after a three-month soil burial test.

The dissertation consists of six chapters. The contents and contributions of each chapter
are briefly described as follows:
Chapter 1 offers an overview of the literatures relevant to this research. It includes the
techniques to improve the compatibility between starch and biodegradable polymers, the
biodegradation mechanism of biodegradable materials, the approaches to prepare
antimicrobial agents and products as well as the antimicrobial evaluation methods.
Chapter 2 describes two approaches which are utilized to improve the compatibility
between PBAT and TPS. The first approach is to use compatibilizers, including a series of
synthesized styrene-maleic anhydride-glycidyl methacrylate (SMG) terpolymers, and a
commercially available glycidyl methacrylate based compatibilizer (Joncryl-ADR-4368).
The second approach is to use the modified PBAT (M-PBA T) to replace part of PBAT in
the PBAT/TPS compounding system. The better dispersion of TPS in PBAT was observed
by SEM images. The tensile strength of PBAT/TPS composites increased when using
either the compatibilizer or the modified MPBAT.
Chapter 3 focuses on the preparation of a highly effective non-leaching antimicrobial
LLDPE packaging material. The antimicrobial agent PHGH was melt blended with starch
to prepare A TPS. Then A TPS was compounded with LLD PE in the presence of
4

compatibilizer to obtain the antimicrobial film materials. The antimicrobial activity and the
non-leaching effect of the resultant films were assessed and confirmed through shaking
flask test and ring diffusion test, respectively. In addition, the thermal, mechanical and
rheological properties as well as the cross-section morphologies were also investigated.
Chapter 4 discusses the preparation of a non-leaching antimicrobial biodegradable PBAT
packaging material. The result from shaking flask test suggested that the prepared film was
able to deactivate bacteria within only 15s of contact time. The water washing and ring
diffusion tests further demonstrated the non-leaching effect of PHGH. It is worth noting
that such an excellent antimicrobial activity can be achieved even at a very low dosage of
PHGH (O.lwt%).
Chapter 5 investigates the biodegradation behavior and antimicrobial property of the novel
antimicrobial PBAT films before and after a three-month soil burial test. The weight
retention data indicated that both PBAT and starch were still able to degrade in the presence
of PHGH, yet the biodegradation rate was retarded. The film samples containing coupling
agent and with less starch content presented growth inhibition over 99% after the threemonth biodegradation test due to better PHGH retention. Also, the semi-crystal PBAT did
not show significant crystal structure change during the biodegradation change.
Chapter 6 summarizes the results and provides recommendations for the future work.
This dissertation is presented in article-format. Parts of the thesis have been submitted for
publications. Most of the experiments were performed by the candidate Hao Wang. Dr.
Dafu Wei designed and conducted the synthesis of compatibilizers along with me (Chapter
2), and helped me in the extrusion process and biodegradable test, as well as the
antimicrobial test (Chapter 3-5). Dr. Zainab Ziaee also had contributions to parts of the
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extrusion process and the antimicrobial test (Chapter 2-3). Their contributions are highly
appreciated.
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CHAPTER 1 Literature Review
1.1. Introduction

This chapter offers an overview of the literatures relevant to the research, which has been
mainly divided into four parts.
In the first part, it will give the general description of the starch and starch derivatives, as
well as the preparation of thermoplastic starch.
In the second part, it introduces the definition and category of synthetic biodegradable
polymers, especially the synthetic biodegradable polyesters, as well as the compounding
techniques between synthetic biodegradable polyesters and starch, including the
modification of biodegradable polyesters, the modification of starch and the synthesis of
compatibilizers.
The third part presents the biodegradation mechanisms of synthetic biodegradable
polymers, the relevant standards as well as the regulations regarding the evaluation system
of biodegradable and compostable materials.
The fourth part of the chapter focuses on the antimicrobial agents and the approaches which
are applied for packaging materials.
1.2 The structure of native starch and the preparation of thermoplastic starch

Starch is a natural polymer consisting of anhydroglucose units linked by (1 ~4)-a and
(1 ~6)-a linkages. There are two different molecular structures, amylose and amylopectin,
existing in starch macromolecules. Amylose is a relatively long, linear a-glucan containing
around 99% ( 1~4 )-a and ( 1~6)-a linkages and differs in size and structure depending on
9

botanical origin. Amylose has a molecular weight of approximately 105-106 [1-3], a
number based degree of polymerization of 324-4920 with around 9-20 branch points
equivalent to 3-11 chains per molecule. Each chain contains approximately 200-700
glucose residues equivalent to a molecular weight of 32,400-113,400 [3-6]. Amylopectin
is a much larger molecule than amylose with a molecular weight of 107-109 and a heavily
branched structure built from about 95% (1 ~4)-a and 5% (1 ~6)-a linkages [1, 3]. The
degree of polymerization is typically within the range 9600-15,900 [7]. Starch granules
(Figure 1.1 A) consist of alternating semi-crystalline and amorphous growth rings, as
observed with optical microscopy [8]. They grow by apposition from the hilum of the
granule. The semi-crystalline growth rings have a thickness between 120-400nm and the
amorphous growth ring is at least as thick as the semi-crystalline one [9].

(A)

(C)

(B)

/

__ _

Crystalline

-

-:£

-1,:: -

t

---·enm

~~~~rt

___ :rnrnrn~rnrn:rn lam~la
Amorphous Growth Ring

Figure 1.1 Schematic representation of the starch granule [10]
The semi-crystalline growth ring (120-400nm thick), as shown in Figure 1.1 B, consists of
a stack, i.e. about 16 repeats, of alternating amorphous (2-5nm thick) and crystalline (5-6
nm thick) lamellae [9]. Independent of the botanical origin of the starch, repeated distances
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of an amorphous and crystalline lamellae are about 9nm [ 11]. Amorphous lamellae contain
branch points of the amylopectin side chains and possibly some amylose, whereas semicrystalline lamellae are constituted of amylopectin double helices (Figure 1.1 C). In
contrast to the general acceptance of growth rings in starch granules, the level of order
between the growth rings and the lamellae, i.e. blocklet, is not as commonly mentioned in
the literature. Some researchers [ 1, 12, 13] suggested that both semi-crystalline and
amorphous growth rings are subdivided into large (20-500nm in diameter) and small (25nm
in diameter) spherical blocklets, respectively. On average, two end to end blocklets would
constitute a single semi-crystalline growth ring.
Native starch chains exhibit hydrophilic properties and strong inter-molecular association
via hydrogen bonding due to the hydroxyl groups on the starch backbone. These strong
hydrogen bondings promote the formation of semi-crystalline granule structures, which
leads to the high glass transition temperature (T g), melting temperature (Tm), and the poor
thermal processing of native starch [14]. The Tm of pure dry native starch (220-240°C) is
close to or even higher than its onset degradation temperature (around 230°C) [15]. Thus,
starch molecular chains can hardly move until the temperature is close to its degradation
temperature. Native starch will be burned and degraded during the melt-blending process
even before incorporated into polyester.
However, thermoplastic starch can be prepared by introducing appropriate non-volatile (at
the process temperature) plasticizers to decrease Tm, which breaks the hydrogen bonding
within and between starch macromolecules, accompanied by the transformation of the
semi-crystalline granule into a homogeneous, rather amorphous material and a partial depolymerization of starch backbone [16, 17]. Plasticized starch is able to flow like a
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thermoplastic under certain temperatures, and is commonly named thermoplastic starch
(TPS). The commonly used plasticizers are polyols, such as glycerol, sorbitol, and xylitol,
or other compounds containing nitrogen (e.g., urea, amine, and ammonium derivatives)
[ 16, 18-24]. It has been reported that the lower molecular weight plasticizers will have
lower Tg, and will depress the Tg of mixture to a larger extent. Research showed that
glycerol and xylitol exhibited a relatively broad glass transition in polyol-plasticized starch
[16].
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Figure 1.2 Schematic of starch plasticization [25]
The plasticization procedure could be achieved by a one or two steps with the combination
of mechanical and thermal inputs. In the one-step process, the native starch and liquid
plasticizer are fed into a single or twin screw extruder along the barrel, separately. Under
the temperature and shearing, starch is plasticized, melted, and also partially depolymerized [25]. In the two-step process, firstly, the starch is mixed with plasticizer in a
turbo-mixer under high speed. Then, the mixture is fed into the extruder after being placed
in a vented oven allowing the diffusion of the plasticizer into the starch granules [26].
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1.3 Biodegradable polymers
Polymer materials have been extensively employed in our daily lives. Every day we use
polymers, for instance, plastic grocery bags and rubber tires on automobiles. Statistics from
Canadian Plastics Industry Association (CPIA) indicated that the resin production capacity
of Canada was 4 million tons in 2003. However, due to its long carbon chain structure and
high molecular weight, traditional plastics are very stable and not readily degraded in the
open environment. Plastic bags placed in landfill will take hundreds of years to break down.
In addition, most polymers emit chemicals (e.g., dioxin) during burning, which are
extremely toxic. These persistent polymers are a significant source of environmental
pollution, harming human and wildlife when they are dispersed in the environment. As a
result, the 'white pollution' from traditional synthetic plastics has been recognized as a
large problem. Therefore, there is a strong growing need in developing new kinds of
biodegradable plastics in order to make them compostable and save capacity to reduce
plastic waste. The North American market for biodegradable plastics in 2005 was estimated
to be around 60 million pounds (27kt) up from 25 million pounds in 2000, and starch-based
polymer blends were expected to account for 30 million pounds (14kt) [27]. The
development of innovative biodegradable plastics has been conducted for several years,
and a large number of biodegradable polymers have been synthesized [26, 28-31]. These
biodegradable materials are able to be completely degraded into natural ecosystems such
as natural soil and active sludge.
Although biodegradable polymers could partially solve the problem of non-biodegradable
plastic waste pollution, the majority of biodegradable plastics are not widely used as they
are quite expensive and the range of the material selection suitable for various end-use
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products is limited. From the industrial viewpoint, it is necessary to decrease the cost of
biodegradable plastics by blending them with renewable feedstock. Starch is a natural
biopolymer obtained from renewable resources. There has been a growing interest in
developing starch-based products since starch is abundant, inexpensive, and totally
biodegradable. Blending biodegradable plastics with starch appears to be the most
promising approach to decrease the cost of biodegradable plastics.
1.3.1 Definition of biodegradable polymers

Biodegradable usually means capable of undergoing decomposition into carbon dioxide,
water, inorganic compounds, or biomass in which the predominant mechanism is the
enzymatic action of microorganisms and hydrolysis. There are different media (liquid,
inert, or compost medium) to analyze biodegradability [25]. Compostability is material
biodegradability using compost medium. More specifically, the material must meet the
requirements as outlined in ASTM standard D6400, which includes three basic criteria:
( 1) Disintegration during composting;
(2) Inherent biodegradation;
(3) No adverse impacts on plant growth.
The biodegradability of a polymer very much depends on its backbone structure. The most
important requirement is the presence of hydrolyzable and/or oxidizable linkages in the
backbone. A number of biodegradable polymers contain certain types of hydrolyzable
bonds. Polymers containing anhydride [32] bonds are the most reactive ones with a fast
rate of degradation. Ester bonds degrade somewhat more slowly, and carbonates [33] are
almost totally resistant to hydrolysis. Other concerns are related to the loss of mechanical
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stability of polymers during degradation, which can be undesirable when it is too fast, or
to the toxicity of high concentrations of degradation products. Biodegradable polymers are
a growing field. A number of biodegradable polymers are synthesized from traditional
chemicals or biomass, or naturally formed during the growth cycles of all organisms [34,
35]. According to the various synthesis routes, different classifications of biodegradable
polymers have been proposed [25]:
(1) Naturally occurring polymers, e.g., starch and cellulose;

(2) Polymers obtained by microbial production, e.g., polyhydroxyalkanoates (PHAs);
(3) Polymers traditionally and chemically synthesized and the monomers obtained from
agro-resources, e.g., polylactic acid (PLA).
(4) Polymers whose monomers and bulk polymers are obtained traditionally by chemical
synthesis.
Obviously, three categories (1 )-(3) are from renewable resources. They can further be
divided into two families as well: the agro-polymers (1 ), and the biodegradable polyesters
(2)-(4). Currently, the most prevalent synthetic biodegradable polymers in the market are
polyesters, which include but are not limited to: poly (lactic acid) (PLA), poly (€caprolactone) (PCL), poly (butylene succinate adipate) (PBSA), polyesteramide, and poly
(butylene adipate-co-terephthalate) (PBAT).

1.3.2 Synthetic biodegradable polyesters

The raw material for the synthesis of PLA is lactic acid, which can be produced by chemical
or biological ways, such as, by fermentation of carbohydrate from lactobacillus [31].
However, lactic acid cannot be directly polymerized to PLA, since the polymerization by
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lactic acid generates water, the presence of which degrades the forming polymer chain to
the point that only very low molecular weights are observed [36]. Instead, lactic acid is
catalytically dimerized to make the cyclic lactide monomer by heating lactic acid under
controlled conditions [37]. Although dimerization also generates water, it can be separated
prior to polymerization. Due to the presence of two chiral centers, there are three forms of
the lactide monomer shown as Figure 1.3:
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Figure 1.3 Structure of the different stereo forms of the lactide monomer and the
resulting repeating unit, the chiral center marked with a) L,L-lactide, b) D,D-lactide,
and c) meso-lactide[38].
The most efficient way to synthesize PLA is ring-opening polymerization (ROP) by
coordination initiators. This method usually allows a controlled synthesis leading to quite
a narrow molecular weight distribution. Polymerization by different stereo forms results in
different material properties. The L,L-lactide and D,D-lactide are normally termed Llactide and D-lactide, respectively. PLA derived from pure L-lactide or D-lactide
monomers presents a relatively high crystallinity. PLA polymerized from rac-(D,L)-lactide
and meso-(D,L)-lactide is rather amorphous with a glass transition temperature similar to
that of the semi-crystalline counterparts [39], due to the atactic lactide blocks. Since the
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properties of the racemic PLA are not suitable for most practical applications, commercial
PLA presently synthesized from L-lactide. PLA is highly heat sensitive, especially when
the temperature is over 190°C, resulting in a noticeable decrease in the weight-average
molecular weight [40]. Poly (L-lactide) is biocompatible. When it is implanted into human
body, it will in the course of time undergo hydrolytic scission to lactic acid, which is a
natural intermediate in carbohydrate metabolism [41]. The in vitro degradation of poly (Llactide) is generally rather slowly compared to the degradation of poly (D,L-lactide). The
higher degradability is probably due to the greater water absorption in the amorphous
domains [3 8].
Poly (e-caprolactone), PCL, is synthesized from the monomers, e-caprolactone, by ROP in
the presence of aluminum tri-isopropoxide (initiator) [42]. PCL has been thoroughly
investigated because it is widely used as plasticizer for polyvinyl chloride (PVC) and the
possibility of blending with bisphenol-A polycarbonate [43, 44]. Due to the relatively low
glass transition temperature (-61 °C) and melting temperature (65°C), PCL is usually
modified or blended with other polymers [45, 46]. It is of interest as a packaging material
and in biomedical applications since its degradation products are non-toxic. PCL has a long
degradation time, which is usually considered as a disadvantage in medical applications
[38]. The degradation rate of PCL is not affected by the shape (e.g., as a film or as micro
particles) but is enhanced by the presence of enzyme lipase. Tokiwa and coworkers studied
the hydrolysis of PCL and biodegradation by fungi [4 7]. It is shown that PCL is able to be
enzymatically degrade easily. The crystallinity of PCL increased during degradation
indicating that the preferential degradation takes place in amorphous regions [ 18, 48].
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Blending with starch will improve the biodegradability [49]. Recycling and the addition of
processing additives reduced the degradation rates [48].
Most of the biodegradable aliphatic copolyesters are synthesized by the combination
between diols and dicarboxylic acids, such as 1,2-ethanediol, 1,3-propanediol, 1,4butadenediol, and adipic, sebacic, succinic acid [25, 50]. The properties of copolyesters are
strongly dependent on the structures. The crystallization and melting temperatures of PBS
are around 75°C and 114°C, respectively [50]. By introducing adipic acid, the
crystallization temperature and crystallinity of PBSA is lower than that of PBS, which is
assumed to be disadvantageous. However, the addition of adipic acid in PBSA tends to
increase the degradation rate [50, 51]. The blending of starch and PBSA will improve the
degradation rate, since PBSA is inherently biodegradable [52].
By contrast to the aliphatic copolyesters mentioned above, biodegradable aliphaticaromatic copolyesters are normally based on terephthalic diacid. The incorporation of
small amounts of hydrolyzable aliphatic ester linkages in the backbone of aromatic
polyesters modifies the hydrolytic properties without significantly altering the good
physical and mechanical properties [53]. However, the chain stiffness of aromatic-aliphatic
copolyesters is increased compared to that of the entirely aliphatic copolyesters due to the
presence of benzene ring [54]. A typical copolyester is poly (butylene adipate-coterephthalate) (PBAT) with the monomers mainly coming from petrochemicals, as shown
in Figure 1.4:
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Figure 1.4 Synthesis of aliphatic-aromatic polyesters from fossil resources [50]
Various companies are currently producing such copolyesters, such as the trade name
Ecoflex® from BASF and Biomax® from DuPont, respectively. Ecoflex® is a random
copolymer containing approximately equal amounts of adipic acid and terephthalic acid,
which exhibits similar physical and mechanical properties as those of low density
polyethylene. Biomax® contains a higher terephthalic acid content, which improves the
stiffness and raises the melting temperature up to 200°C [25, 50].
However, the increase of terephthalic acid content tends to decrease the degradation rate
[55]. Early studies on the biodegradation of aliphatic-aromatic copolyesters came to the
conclusion that significant degradation occurs only when the copolyester has a relatively
low aromatic

content

[56]. Acceptable user properties were combined with

biodegradability in the composition range 30-55mol% terephthalic acid [55, 57]. The
degradation rate will become so slow that the material is no longer suitable for composting
when the copolyester has a terephthalic acid content more than 60mol%. The weight loss
decreased with increasing terephthalic acid content and the weight loss in soil was
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significantly lower than the weight loss in compost. Respirometric tests of Ecoflex® in
mature compost matrix, where the carbon dioxide evolved during the metabolic conversion
was determined, showed that more than 90% of the material was metabolized [58].
Degradation of PBAT has also been studied in distilled water at 70°C, acidic conditions at
pH=2.3 and in enzymatic media containing Pseudomonas cepacia or Candida cylindracea
[59]. Both the hydrolytic and enzymatic degradation rates decreased with increasing
terephthalic acid content in the copolyester. Water-soluble aromatic oligomers with one or
two terephthalic acid units and all monomers, e.g., terephthalic acid, ethylene glycol, 1,3propanediol and 1,4-butanediol, were rapidly metabolized by microorganisms in aqueous
systems, soil and compost at 60°C [60]. The polymer chain of Ecoflex copolyester was
cleaved within a few days by isolated Actinomycetes and at the end of the test only watersoluble intermediates were found in the aqueous test system [58].
1.3.3 The compounding of biodegradable polyester with starch

The use of polymer/starch blending to achieve cost advantages and improve
biodegradability has been a rapidly expanding field of research. However, the main
drawback of this approach lies in the non-miscibility of different components, since most
of the synthetic biodegradable polyesters are hydrophobic, while starch is hydrophilic.
Thus, simple blending will result in phase incompatibility and poor mechanical properties
[61, 62]. To improve both the compatibility between the two main phases and the final
blending performance, different strategies have been developed. These strategies include
the synthesis of a bi-functional compound, ex-situ modification (prior modification of at
least one polymer initially present in the blending), and in-situ modification (during the
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blend process in terms of reactive extrusion) [63]. The different routes to improve
compatibility can be classified into three main groups [25]:
(1) Synthesis of copolymers.

(2) Polyester or starch functionalization.
(3) In-situ polyester/starch compounding with a compatibilizer or a coupling agent by
reactive extrusion.
This synthesis of copolymers mainly involves grafting starch with biodegradable polymer
monomers, such as €-caprolactone and lactic acid [64, 65]. The graft-copolymers of starchg-PCL and starch-g-PLA can be completely biodegraded by bacteria or under natural
conditions with improved mechanical performance. Therefore, the graft-copolymers can
be used directly as thermoplastics or compatibilizer in a starch-PCL or starch-PLA blend
composites. The starch-g-PCL copolymer is usually synthesized by mixing starch and

E-

caprolactone monomers, followed by in situ ring opening polymerization in the presence
of starch, leading to physical and chemical grafting of the polyester chains onto starch
molecules [66]. Philippe compared three different routes to synthesize starch-g-PCL
copolymer [67]. The polymerization was carried out in the bulk and was initiated from the
starch hydroxyl functions in the presence of a catalyst, Sn(Oct)2 or by adequate
modification/activation of the surface hydroxyls into titanium or aluminum alkoxides. The
latter route by aluminum alkoxides generated in situ by reaction of triethylaluminium with
the starch hydroxyl functions, proved to be the most effective in promoting fast
polymerization and also covalent grafting of the polyester chains onto the starch phase.
The grafting efficiency can be as high as 90wt%. The synthesis of starch-g-PLA is similar
to starch-g-PCL, which uses L-lactic acid to modify the surface of starch firstly. Then the
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surface modified starch was used as the macromolecular initiator for the ring-opening
polymerization of L-lactide in the presence of Sn(Oct)2 to synthesize starch-g-PLA [63 ,
68].

PLLA coating

Hydrophilic starch
granules

Starch granules coated
with hydrophobic

PLLA chains
Figure 1.5 The scheme of PLA encapsulated starch granules [68]
The amphiphilic starch-g-PLA copolymer was a good compatibilizer in the blending to
produce thermoplastic. Rui [69] synthesized a biodegradable copolymer of starch-g-poly
(1 , 4-dioxan-2-one) (starch-g-PPDO), which exhibited a great interfacial activity for the
blend due to the longer grafted PPDO chain. The only problem of the application of the
graft-copolymer is the cost of production, so that it is very important to find a simple
technology to reduce the cost.
The hydrophobic polyesters are able to react with anhydrides, such as maleic anhydride, to
generate functionalized polyester in the presence of free radical initiators. The resulting
modified polyesters contain unreacted carboxyl groups from the anhydride, which could
be coupled with hydroxyl groups on the starch backbone while further extruded with native
starch. The mechanism and kinetics of reactions between maleic anhydride and PCL,
maleic anhydride and PBAT have been studied [70-72].
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Figure 1.6 Proposed grafting reaction pathway for the reaction of
maleic anhydride onto polyesters [71]
The grafting reaction takes place at aliphatic dicarboxylic acid units of the polyesters. The
characterization shows that products I and III in Figure 1.6 represent the grafting reaction
of anhydride onto the polymer chains. Higher temperature and lower screw speed (more
residence time) will increase the percentage of grafted maleic anhydride [70]. Chemicals
containing isocyanate groups, such as methylenediphenyl diisocyanate (MDI), toluene-2,
4-diisocyanate (TDI), lysine diisocyanate (LDI), and lysine triisocyanate (L Tl), have also
been utilized as coupling agents to modify polyesters [73-75]. The hydroxyl and carboxylic
groups that are hydrolyzed in PLA and PBS under heat and high shear stress in an extruding
equipment may react with isocyanate groups [76].
The glucose unit in starch has several hydroxyl groups, which are able to couple with
reactive chemicals; whereas the primary OH group in starch appears to be most reactive.
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Raquez [77] indicated that the morphology of polyester/starch blending depends on the
difference of melt-viscosity while starch has a high molecular weight. Maleic anhydride
can yield starch esters containing a free carboxylic group that can promote acid-catalyzed
transesterification reactions with biodegradable polyesters.
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Figure 1. 7 Esterification of starch with maleic anhydride occurring at C6 position [77]
Hydrolysis and glucosidation reactions promoted by maleic anhydride moieties grafted
onto the starch backbone occur as well, which reduces the melt-viscosity.
In-situ reactive extrusion is a one-step method to prepare polyester/starch blending.
Polyester and TPS are fed into extruder simultaneously in the presence of compatibilizers
to produce homogeneous blending. The most commonly used compatibilizers are
anhydrides, such as maleic anhydride and pyromellitic anhydride [78-80]. Jie [81] prepared
binary and ternary blends of TPS, PLA, and PBAT using one-step extrusion process when
employing maleic anhydride as compatibilizer. For the TPS/PLA and TPS/PBAT binary
blends the tensile strength increased by 30% and 50%, respectively, after compatibilized.
Extrusion parameters like temperature, initiator and monomer concentration, and residence
time are optimized to avoid cross linking and scission side-reactions during extrusion [62].
Although the one-step in-situ reactive extrusion is the most convenient method, it requires
the most sophisticated equipment as well, such as peristaltic pumps, multiple
powder/pellet/liquid feeders, and tailored high LID ratio screw.
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1.4 The mechanisms and test methodologies of polymer biodegradation

The biodegradability of polymers provides these materials with novel properties and
additional values which may be beneficial during their product lives. Therefore, to study
the mechanism of polymer biodegradation is of the utmost importance. Also, due to the
various structures of biodegradable polymer systems and different post-processes after
product lives, the setup of appropriate criterion to measure the biodegradability of polymers
and to interpret the results has attracted much attention.
1.4.1 The biodegradation mechanisms of biodegradable polymers

Biodegradation was originally referred to the decomposition of a substance under the
actions of microorganisms, which eventually leads to the recycle of carbon, the
mineralization of compounds and the generation of new biomass. However, as the research
is proceeding, biodegradation is found to be more complex than anticipated and cannot be
easily summarized [82, 83]. The biodegradation of polymeric materials may include three
stages and this process can stop at any of them.
At the first stage, both biotic and abiotic factors have influences on the decomposition of
organic substances [84]. The combined microorganism and abiotic factors fragment the
biodegradable materials into smaller fractions. This stage is usually named as
biodeterioration [85]. The microorganisms involved in this stage are rather diverse and
belong to bacteria, fungi, algae and protozoa, which can generate a structured organization
called biofilm to provoke serious damages to the material matrix. The biodeterioration is
mainly the results of the activities of microorganisms growing on the surface or inside of
the polymeric materials [86, 87].
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Besides biodeterioration, abiotic factors also play as a major role in the first stage, which
contribute to the weakening of the material structure and undesirable alterations. Chemical
transformation is one of the most important parameters in the abiotic degradation. Among
chemicals which can result in the degradation of polymer materials, oxygen has always
been a concern. Oxygen existing as the form of 02 or 03 in the atmosphere attacks covalent
bonds and produces free radicals. Certain types of polymer structures, such as unsaturated
linkages and branched chains, are more susceptible to oxidation and free radicals [88]. If
the material is exposed to the open environment, it may experience photo-degradation
besides oxidation. The energy carried by photons is able to create unstable states in various
molecules. The typical photon-induced Norrish reactions may alter the polymer structures
by photoionization (Norrish I) and chain scission (Norrish II) [89, 90]. In addition,
hydrolysis, thermal and mechanical [55, 91, 92] degradation have contribution to the
abiotic factors as well. Sometimes, these abiotic parameters are able to initiate the
biodegradation process or act as a synergistic factor to biodeterioration [93].
In the second stage, biofragmentation, microorganisms secrete catalytic agents (for
instance, enzymes and free radicals) to cleave polymer molecules and to reduce the
molecular weight progressively [94]. Water and other small molecules may further enter
in the polymer matrix, which is accompanied by swelling. The intrusion initiates the
hydrolysis of the polymer materials resulting in the generation of oligomers, monomers
and dimers. Enzymes are catalytic proteins secreted by microorganisms which can decrease
the level of activation energy of favoring chemical reactions in molecules [95]. Some
enzymes with the ability to depolymerize copolyesters have been isolated and identified as
peroxidases, oxidases and hydrolases [96-98]. Peroxidases catalyze reactions between a
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peroxyl molecule and an electron acceptor group, while oxidases are metalloproteins
containing metal atoms to perform oxidation reactions [99, 100]. Also, certain types of
oxidation reactions induced by enzymes even produce free radicals which will give rise to
chain reactions and accelerate polymer degradation. A well-defined example is the Fenton
reaction in wastewater treatment for water soluble polymers [101].
The third and the last stage is assimilation and mineralization. In this stage, microorganisms
are able to utilize organic compounds or inorganic compounds as carbon and energy source
to reproduce themselves. Normally, the assimilated molecules may be the results from
previous two stages, biodeterioration and biofragmentation. Eventually, certain simple or
complicated metabolites (inorganic acids, organic acids, antibiotics, and salts, etc.) may be
excreted and arrive in the extracellular environment to achieve the entire cycle of
biodegradation [82].
1.4.2 The test methodologies related to polymer degradation and compostability
As previously mentioned, polymer biodegradation is a natural complex phenomenon,
which is difficult to be fully simulated in the laboratory environment due to the huge
number of parameters related to the entire biogeochemical process. Therefore, the current
situation offers limited flexibility in methodologies for testing polymer biodegradation. For
instance, the research on microbial degradation only provides a small variety of fungal and
bacterial species. Finding the same environmental conditions is hardly possible [102]. In
addition, the ideal experiment to trace the change of polymers is time consuming, which
may take months or even years. In order to meet different requirements and situations, a
series of techniques have been performed in this area. One of the most important proofs
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that polymer materials have been consumed by microorganisms is the release of carbon
dioxide. The labelling of the initial polymer with a stable isotope or a fluorochrome is a
powerful tool in tracing the carbon dioxide generated from metabolic process of
microorganisms [103, 104] The examination of carbon dioxide is appropriate for the
scenario that the biodegradable polymer is the only carbon source into the environment.
Other low molecular weight metabolites (e.g., alcohols, fatty acids, aldehydes, and
methane, etc.) can be assayed by gas chromatography with mass spectrometry (GC-MS)
[105]. The residual polymer and its oligomers are often analyzed via gel permeation
chromatography (GPC) to measure a potential shift in molecular weight distribution [106].
The crystallinity may be estimated by X-ray diffraction, while thermal properties such as
glass transition, melting temperature are measured by differential scanning calorimetry·
(DSC) and thermogravimetric analysis (TGA). Nuclear magnetic resonance (NMR) and
Fourier transform infrared (FT-IR) are used to reveal the chemical alternation of the
polymer structure [107].
For the purpose of determining whether certain polymeric materials are biodegradable or
compostable, standard organizations, such as the American Society for Testing and
Materials (ASTM) as well as the International Organization for Standardization (ISO),
have published a series of standards for biodegradability and compostability in different
exposure environments. Generally, these standards describe definitions, testing guidelines,
time frames, procedures, conditions, limits and results interpretation. The standards are
concordant between countries, but there is no globally accepted standard for each area at
present [108, 109].
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As one of the core standard specifications for compostable materials, ASTM D6400 covers
the requirements for labelling biodegradable polymers as compostable in municipal and
industrial composting facilities [11 O]. In order to claim a certain material is compostable,
it must meet requirements that include satisfactory disintegration, biodegradation,
terrestrial and aquatic safety in a controlled laboratory scale composting test (see Figure
1.8).
Test Materials

ASTM D 6400

Disintegration

Safety

3 criteria

Toxicity Test

OECD 207
OECD 208

Biodegradation

Controlled Laboratory Scale Composting Test
(ASTM D 5338)

E 1440

Yes
Yes

Yes
Identify as compostable materials

Figure 1.8 Compostable materials identification flow chart [111]
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It is worth noting that biodegradability is an essential prerequisite for compostability

according to ASTM D6400. A material is compostable must be biodegradable. However,
the reverse is not necessarily true. In other words, if a material can be labeled as
biodegradable in composting environments, it is able to be claimed as compostable. On the
other hand, a biodegradable material which is able to degrade in a fixed time frame and
environment but different from specifications for composting would be termed
biodegradable instead of compostable. [112].
Besides ASTM D6400, a number of other ASTM standards involving the biodegradability
and compostability of a polymeric material have been introduced and updated during the
last two decades. Kale et al., [ 111] suggested to categorize some of the core standards into
three groups based on the exposure environments: (1) composting, (2) anaerobic digestion
and wastewater treatment and (3) others. However, some of the standards mentioned in
Kale's work have been withdrawn due to obsoleted test methods or duplicated contents
with other standard specifications. Therefore, a modified standard category is proposed in
this work (see Table 1.1) [110, 113-122].
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Table 1.1 List of currently active ASTM standards (as of 2014) sorted by category
Standard

Category
Aerobic

D6400-12 "Standard specification for labeling of plastics designed to be

atmosphere aerobically composted in municipal or industrial facilities"
D5338-11 "Standard test method for determining aerobic biodegradation
of plastic materials under controlled composting conditions,
incorporating thermophilic temperatures"
D5988-12 "Standard test method for determining aerobic biodegradation
of plastic materials in soil"
D6340-98(2007) "Standard test methods for determining aerobic
biodegradation of radio labeled plastic materials in an aqueous or compost
environment"
D6691-09 "Standard test method for determining aerobic biodegradation
of plastic materials in the marine environment by a defined microbial
consortium or natural sea water inoculum"
Anaerobic

D5210-92(2007) "Standard test method for determining the anaerobic

atmosphere biodegradation of plastic materials in the presence of municipal sewage
sludge"
D5511-12 "Standard test method for determining anaerobic
biodegradation of plastic materials under high-solids anaerobic-digestion
conditions"
D5526-12 "Standard test method for determining anaerobic
biodegradation of plastic materials under accelerated landfill conditions"
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Other

D5929-96(2009) "Standard test method for determining biodegradability

auxiliary

of materials exposed to municipal solid waste composting conditions by

standards

compost respirometry"
D6691-09 "Standard test method for determining the stability of compost

by measuring oxygen consumption"
D6954-04(2013) "Standard guide for exposing and testing plastics that

degrade in the environment by a combination of oxidation and
biodegradation"

In general, these standards have been divided into three categories according to the applied
atmosphere and purpose: (1) aerobic atmosphere, (2) anaerobic atmosphere and (3) other
auxiliary standards. In addition the active standards, the withdrawn standards include but
are not limited to: D5209, D5247, D5271, D5951, D6002, D6003, D6692, D6776 and
D7081.
1.5 Antimicrobial agents and the approaches applied into polymeric materials

Cross-contamination and infections by pathogenic microorganisms are of great concern in
a number of areas, particularly in food packaging, medical devices, drugs, health care and
hygiene products. Antimicrobial agents are materials capable of inhibiting or deactivating
pathogenic microorganisms. The use of materials or articles containing antimicrobial
agents have been introduced to people's daily life, which will help to mitigate or eradicate
those contamination and infections [123, 124]. This sector will give a general description
of different kinds of antimicrobial agents and the approaches they are applied into
polymeric materials/articles.
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1.5.1 Antimicrobial agents

During the last several decades, numerous antimicrobial agents have been synthesized or
discovered from natural, though only a few of them are still in use considering the effect,
cost, toxicity and abundance. Currently, synthetic cationic polymers, silver ions, natural
occurring chitosan are representatives of the most popular antimicrobial agents.
The cationic antimicrobial agents such as polymers containing quaternary ammonium
groups, phosphonium compounds and guanidine derivatives are notable for their high
bacterial deactivating efficiency [125]. The mechanism of the bactericidal action of these
polycationic biocides involves destructive interaction with the cell wall and/or cytoplasmic
membranes. The first step of these agents to deactivate bacteria is to absorb onto the
bacterial cell surface and then to diffuse through the cell wall. Then they will penetrate the
cytoplasmic membrane and result in the leakage of the cytoplasmic constituents which will
lead to the final cell death. Macromolecules may interact more effectively with the cell of
Gram-positive bacteria as their polyglycane outer layer is sufficiently loosely packed to
facilitate deep penetration of the polymer chain inside the cell to interact with the
cytoplasmic membrane [ 126]. Several different approaches have been examined to anchor
cationic antimicrobial agents on the material surface, including the covalently bound to
silane, which has been proved effectivity against a broad range of bacteria and molds [127129].
Silver is a metal known for its broad-spectrum antimicrobial activity against Gram-positive
and Gram-negative bacteria, fungi, protozoa and certain viruses [130]. It is able to prevent
bacterial colonization on medical devices, textile fabrics as well as water treatment [ 131133]. The antimicrobial property of silver is related to the amount and rate of silver
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released. The mechanism for the antimicrobial action of silver is similar to cationic
polymers. Silver in its metallic state is inert but is able to react with the moisture and fluid
in the air to become ionized. The ionized silver is highly reactive since it can bring
structural alternation to bacterial cell wall and nuclear membrane upon contact, which will
result in the cell distortion and death. Silver also binds to bacterial DNA and RNA by
denaturing and inhibits bacterial replication [134]. It has been suggested that the
impregnation of silver into a coating is more effective than direct surface coating alone as
the silver ions can be readily deactivated by protein anions [135]. However, the application
of silver containing articles must be undertaken with caution as a concentration-dependent
toxicity has been demonstrated. A concentration of silver nanoparticles between 5µg/ml
and lOµg/ml has induced necrosis or apoptosis of mouse spermatogonial stem cells [136].
Chitosan, a hydrophilic biopolymer industrially obtained by N-deacetylation of chitin, can
be applied as an antimicrobial agent. As the derivative of chitin, which is the second most
abundant polysaccharide in nature after cellulose, chitosan can be obtained from shrimp
and crab shell [ 13 7]. Chitosan has been shown to be useful in different areas as an
antimicrobial compound in agriculture, a flocculating agent in wastewater treatment and
more recently as a pharmaceutical agent in biomedicine [138-140]. Chitosan acted mainly
on the outer surface of the bacteria. At a lower concentration (less than 200ppm), chitosan
binds to the negatively charged bacterial surface to generate agglomeration, while at higher
concentrations, the larger number of positive charges may have imparted a net positive
charge to the bacterial surfaces to keep them in suspension [141, 142]. However chitosan
shows its antibacterial activity only in an acidic medium due to the poor solubility above
pH 6.5. Thus, water soluble chitosan derivatives (soluble in both acidic and basic
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physiological circumstances) might be appropriate candidates as polycationic biocides
[143].
Although there have been various antimicrobial products in the market, some of the starch
based antimicrobial agents are still in lab scale. Currently, the most promising application
regarding starch based antimicrobial materials are in paper industry. A novel antimicrobial
modified starch was developed by covalently connecting guanidine polymers via coupling
reaction or graft copolymerization. By covalently bonding with backbone of starch, the
molecular weight of guanidine polymer could be greatly enlarged in order to eliminate
leaching and migration. Furthermore, the modified starch can be easily accepted and
applied to the paper making industry without extra investment on the special equipment or
much change of producing process [144-146].
In this dissertation, the application of antimicrobial starch will be further extended to
traditional and biodegradable plastics in order to prepare value-added products.

1.5.2 Different approaches of antimicrobial agents applied into materials
Antimicrobial agents are essential to deactivate bacteria in those intended occasions, yet
how to integrate the agents with the matrix material or carrier is another key issue to ensure
the antimicrobial effects. In the traditional process, due to there is no inherent heteroatom
functional groups, plastics such as polyethylene (PE) and polystyrene (PS) have to go
through surface chemical activation, which is utilizing strong oxidative agents to generate
functional groups on the polymer surface [14 7]. After the chemical activation,
antimicrobial agents can be grafted onto the material surface. However, such treatments
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will produce hazardous chemical waste and may result in the deterioration of the polymer
matrix.
Nowadays, antimicrobial agents are more often to be added prior to the polymerization or
during the melt compounding process to achieve an even distribution throughout the
material (see Figure 1.9 A). The incorporated antimicrobial agents have to be heat resistant
to retain their activities after the polymerization and compounding process. An alternative
concept is to apply antimicrobial agents as a thin coating onto the top surface of the
material, though the thin coating has a probability to be worn out during the lifetime of the
products (see Figure 1.9 B).
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Figure 1.9 Different concepts of incorporation for antimicrobial agents: (A) throughout
the material; (B) as a thin coating on the top surface
Moreover, there are also two different approaches to achieve the antimicrobial effect [148].
The first one is to release the antimicrobial agent from the material to the surroundings,
which is usually called leaching (see Figure 1.10 A). Ideally, the leaching effect should be
controllable to perform a long-lasting antimicrobial effect. The advantage of leaching is
that bacteria can be deactivated without direct contact. But the antimicrobial property might
be limited within the lifetime of the product and the antimicrobial agent could be
transferred to other undesired objects (e.g., food, water).
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Figure 1.10 Different approaches to achieve antimicrobial effect: (A) through leaching
effect; (B) through direct contact
The other approach is to anchor the antimicrobial agent within the material (see Figure 1.10
B). Once bacteria have contact with the product surface, it will be deactivated and the
antimicrobial property will be lasting through the lifetime of the non-leaching product.
This dissertation will focus on preparing non-leaching antimicrobial materials through melt
compounding.
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CHAPTER 2 Morphology and mechanical properties of PBAT/starch
blends improved by compatibilizer and modified PBAT
ABSTRACT

Biodegradable poly(butylene adipate-co-terephthalate)/thermoplastic starch (PBAT/TPS)
has received considerable attention because of the solid wastes disposal problems.
However, the application of PBAT/TPS composites was limited because of the poor
mechanical properties originating from the poor compatibility between PBAT and TPS. In
this work, two approaches were conducted to improve the mechanical properties of
PBAT/TPS composites. One approach is to use the compatibilizers, including the selfsynthesized compatibilizer SMG (a styrene-maleic anhydride-glycidyl methacrylate based
terpolymer) and the commercially available compatibilizer (Joncryl-ADR-4368). The
structures of the self-synthesized SMG were analyzed by 1H-NMR and FT-IR. The other
approach is to use the modified PBAT (M-PBAT) to replace part of PBAT in the
PBAT/TPS system. M-PBATs with higher molecular weight were obtained by extending
the molecular chain using chain extenders. The better dispersion of TPS in PBAT was
observed by SEM images. The tensile strength of PBAT/TPS composites increased when
using either the compatibilizer or the modified MPBAT. The difference was that the
elongation at break decreased when using the commercial or self-synthesized
compatibilizer. However, the elongation at break increased when M-PBAT was used to
replace part of PBAT. Overall, it is encouraging that the tensile strength and the elongation
at break of the obtained biodegradable PBAT/M-PBAT/TPS composites are above
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27.0MPa and 500%, respectively, indicating the promising application of the composites
in packaging and agricultural mulching film.
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2.1 Introduction

Due to a large number of problems associated with solid wastes and industrial ecology,
biodegradability and recyclability are becoming major concerns in agricultural mulching
film products, especially with the disposable grocery packaging materials. Biodegradable
polymeric materials (BPMs) have become a promising option in these applications.
Developing biodegradable plastic packaging product and biodegradable mulching film that
can be safely and effectively disposed in soil or in compost, but retains the satisfied
performance, is becoming a market need.
Based on the source of the raw materials, BPMs can be classified into renewable or
petrochemical sources. Poly(butylene adipate-co-terephthalate ), PBAT, a petrochemical
resource based aromatic-aliphatic copolyester, developed by BASF under the trade name
of Eco flex, was testified to be biodegradable [ 1], and its physical/mechanical properties
are comparable to low density polyethylene (LOPE). However, due to the high cost, the
application of PBAT in some fields was limited.
Starch, belonging to an example of BPMs from renewable resources, has been considered
for many years as a polymer with a high potential material to blend with synthetic
biodegradable polymers to reduce cost [2]. Thermoplastic starch (TPS) is often applied in
the polymer blends, where the starch granules were plasticized by using plasticizers (such
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as water or glycerol) under heating. So far a number of research have focused on the
PBAT/TPS composites. However, the incompatibility between hydrophilic starch and
hydrophobic biodegradable polyester PBAT resulted in poor physical and mechanical
properties of PBAT/TPS composites, such as tensile strength, compressibility, resilience,
and flexibility. Developing a composite with satisfied overall physicomechanical behavior
depends on the ability to control the interfacial tension, in order to generate a uniform
dispersed phase size and strong interfacial adhesion [3].
The compatibilizer was mostly used to improve the interfacial adhesion between PBAT
and TPS. Thus, the mechanical properties of PBAT/TPS composites were able to be
improved. Maleated TPS [4-6], maleated PBAT [3, 7], soybean oil [8], adipic acid [9],
tartaric acid [10], maleic anhydride, and citric acid [11-13] were studied to be used as
compatibilizers in the PBAT/TPS system. It seems that the anhydride group of maleic
anhydride, the epoxy group of GMA, the carboxyl group of acrylic acid, and citric acid are
efficient in the improvement of the mechanical properties of the PBAT/TPS system.
In this work, we focused on the improvement of the mechanical properties of PBAT/TPS
systems using two different approaches. One approach is to use the self-synthesized
terpolymers containing the anhydride group and the epoxy group as the compatibilizer,
marked as SMG, to improve the interfacial adhesion between PBAT and TPS. It is
reasonably expected that the compatibility between PBAT and TPS was improved via the
reaction of the anhydride group of SMG with the hydroxyl of TPS, and the reaction of the
epoxy group ofSMG with the carboxyl of PBAT. The other approach is to use the modified
PBAT (M-PBAT) to replace part of PBAT in the PBAT/TPS system. Different types of
M-PBATs were obtained through the reactive extrusion in a twin-screw extruder using the
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different chain extenders,

such as 2,2'-(1,3-phenylene)-bis(2-oxazoline) (PBO),

poly(propylene glycol) diglycidyl ether (PPGDE), and Joncryl-ADR-4368 (a commercial
compatibilizer of PBAT). The molecular weights ofM-PBATs were expected to be larger
than that of PBAT, consequently leading to the better dispersion of TPS in the PBAT/MPBAT/TPS system and the increase of the mechanical properties. 27 .OMPa of tensile
strength and 500% of elongation at break of the obtained biodegradable PBAT/MPBAT/TPS composites are encouraging results.

2.2 Experimental

2.2.1 Materials

Potato starch (food grade) and poly(butylene adipate-co-terephthalate) (PBAT) were
provided by Al-pack company (Moncton, NB, Canada). Styrene (St), maleic anhydride
(MAH), glycidyl methacrylate (GMA), butanone, petroleum ether, deuterochloroform
(CDCb),

benzoyl

peroxide

(BPO),

2,2' -(1,3-phenylene)-bis(2-oxazoline)

(PBO),

poly(propylene glycol) diglycidyl ether (PPGDE, number-average molecular weight 640),
commercial compatibilizer (Joncryl-ADR-4368), and glycerol were purchased from
Sigma-Aldrich. The chemical structures of PBAT, PPG DE, PBO, and compatibilizer 4368
are shown in Figure 2.1.
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Figure 2.1 Chemical structures of PBAT (top), of PBO (middle, left), of PPGDE
(middle, right), and of Joncryl-ADR-4368 (bottom)
As indicated in Figure 2.1, Joncryl-ADR-4368 is a styrene-acrylic multi-functional
oligomeric chain extender, in which R1-Rs are H, CH3, a higher alkyl group, or
combinations of them; R6 is an alkyl group, and x, y, and z are each between 1 and 20 [ 14].
2.2.2 Synthesis and characterization of St-MA-GMA (SMG) terpolymers

The preparation process was as follows: according to the designed molar ratio, such as
St:MAH:GMA=90.0: 1.0:9 .0, St, MAH, GMA, and BPO were added to the three-neck flask
and stirred. Then, 2.5 times volume ofbutanone as the solvent was added and nitrogen was
bubbled for 20min to remove oxygen. The flask was heated to 69.0±l.0°C until the
polymerization reaction finished. The solution containing SMG was precipitated using
petroleum ether. The solvent was removed by filtering, and then dried in the reduced
pressure to a constant weight to obtain the terpolymer, marked as SMG900109 (representing
the feeding molar ratio of St:MAH:GMA=90.0:l.0:9.0). A series of terpolymers with
different molar ratios were synthesized.
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The FT-IR spectra ofterpolymers were scanned from 4000cm- 1 to 650cm- 1 using a PerkinElmer model 2000 FT-IR. Terpolymer samples and potassium bromide (KBr) were mixed
and ground in the mortar prior to scanning.
Terpolymer was dissolved in the CDCb, and the concentration ranged from 12mg/ml to
20mg/ml. 1H-NMR results were recorded using a Varian Unity 300 NMR Spectrometer
operated at 300MHz.
2.2.3 Preparation of modified PBAT (M-PBAT)

The preparation ofM-PBAT was conducted in the ZSK 18 MEGAlab laboratory extruder
system (twin-screw extruder, screw outer diameter: 18mm, ratio of length to diameter:
40:1, Coperion). PBAT and the chain extenders (PPGDE, PBO or 4368) were mixed and
extruded for the preparation of M-PBAT pellets. The weight ratio of PBAT to chain
extender is 100.0 to 1.0. The screw speed was maintained at 150rpm. The temperature
profile of the extrusion process was set as 90/11 O/l 30/155/170/180/l 70°C from the barrel
section just after the feed throat to the die, with a melt temperature of 177-180°C. The
extrudate was cooled in a water bath. The obtained M-PBAT pellets were dried in the oven
at 80°C for at least 4hrs.
2.2.4 Preparation of different PBATff PS films

The preparation of TPS is as the following description. The plasticization of starch was
conducted in the same ZSK 18 MEGAlab laboratory extruder system. Potato starch,
glycerol, and deionized water were homogenized and extruded for the preparation of TPS
pellets. The weight ratio of potato starch to glycerol and water is 100:30:20. The screw
speed was maintained at 150rpm. The temperature profile of the extrusion process was set
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as 80/100/120/135/155/175/165°C from the barrel section just after the feed throat to the
die, with a melt temperature of 172-175°C. The extrudate was cooled in the ambient
temperature environment. The obtained TPS pellets were sealed in polyethylene bags to
avoid potential moisture contact.
The preparation of PBAT/TPS/compatibilizer composite pellets was to mix PBAT pellets
with the obtained TPS pellets and the synthesized terpolymer compatibilizer SMG or the
commercial compatibilizer 4368. Then, the mixtures were extruded using the same ZSK
18 MEGAlab twin-screw extruder to prepare the composite pellets. The weight ratio of
PBAT to TPS and SMG was fixed at 60:40: 1. The screw speed varied according to different
conditions.

The

temperature

profile

of the

extrusion

process

was

set

as

90/110/130/155/170/180/170°C from the barrel sectionjust after the feed throat to the die,
with a melt temperature of 177-180°C. The extrudate was cooled in a water bath. Then, the
obtained PBAT/TPS/SMG pellets were dried in the oven at 80°C for over 4hr prior to the
film blown process.
The preparation of PBAT/M-PBA T/TPS composite pellets was the same as that of the
PBAT/TPS/compatibilizer composite pellets. The weight ratios of PBAT to M-PBAT and
TPS were fixed at 40.0:20.0:40.0. The same process was conducted for the preparation of
PBAT/TPS with different weight ratios of PBAT to TPS.
The films were prepared using the Saturn Laboratory Film Blown Extrusion System
(Future Design Inc., Brampton, Canada). The screw outer diameter and the ratio of length
to diameter of the extrusion system is 25mm and 30: 1, respectively. The die diameter of
the blowing film system is 6.3mm, and the gap is 1.0mm.
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2.2.5 Mechanical properties
The mechanical properties were measured using a universal testing machine (Instron
Model 4465, Norwood, USA) at room temperature (23°C). The tensile strength and
elongation at break were recorded in the machine direction (MD) with a cross head speed
of 500mm/min according to ASTM D882. At least ten dumbbell shaped samples
(l l 5.0mmx6.0mm) were tested for each film, and the average thickness was recorded using
a micrometer caliper prior to the test.

2.2.6 Scanning electron microscopy
The micrographs were obtained on a JEOL 6400 scanning electric microscope (SEM). The
films were frozen in the liquid nitrogen, fragmented and adhered on the aluminum stubs.
The cross sections of films were coated with a layer of carbon and observed.

2.3 Results and discussion
2.3.1 PBATff PS composite films
PBAT is a synthetic biodegradable polyester based on petrochemical sources. TPS is
prepared using starch, glycerol, and water. During the preparation ofTPS, starch granules
were plasticized in the existence of plasticizers under heating conditions. The resultant TPS
pellets were used as additive/filler to prepare the PBAT/TPS composites in order to reduce
the cost. However, the mechanical properties of PBAT/TPS composites will decrease
because of the brittleness of TPS and the incompatibility between PBAT and TPS. Figure
2.2 shows the tensile strength and elongation at break of PBAT/TPS composites depending
on the content of TPS. The elongation at break monotonically decreased with the increase
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of the content of TPS. However, tensile strength did not decreased monotonically. It is
understandable that the addition of TPS to PBAT led to the decrease of the tensile strength
compared to that of PBAT. However, it is interesting to notice that the tensile strength did
not decrease but increased when the amount ofTPS is raised from 10wt% to 30wt%. There
is a maximum tensile strength around 30wt% of TPS. Above 30wt% of TPS, the tensile
strength decreased monotonically. This phenomenon implied that the variation of the
tensile strength might be affected by different constituents. Perhaps the content of TPS is
only one of those constituents.
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Figure 2.2 The tensile strength and elongation at break of PBAT/TPS composites
depending on the content of TPS
The SEM images of PBAT/TPS composites with different contents of TPS are shown in
Figure 2.3. With the increase of the content ofTPS, the sizes of the dispersed TPS particles
first decreased, then increased until TPS became the continuous phase when the content of
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TPS was over 50wt%. The increase of tensile strength between 10wt% and 30wt% ofTPS
might be ascribed to the better dispersion and the smaller particle size. Further increasing
the content of TPS, the increase both in the particle size of TPS and in the content of TPS
led to a decrease of tensile strength. In the experiment, the PBAT/TPS composites
containing over 50wt% of TPS could not be blown into films due to phase separation, and
no data can be acquired regarding mechanical properties.

Figure 2.3 SEM images of PBAT/TPS composites with different contents of TPS
2.3.2 Synthesis and characterization of SMG terpolymers

To improve the mechanical properties of PBAT/TPS composites, a series of styrene (St)maleic anhydride (MA)-glycidyl methacrylate (GMA) terpolymers (named as SMG) were
synthesized using free radical polymerization and used as the compatibilizer in the
63

PBAT/TPS system. The chemical structure is shown in Figure 2.4. The FT-IR spectra of
SMG obtained in the different polymerization times are shown in Figure 2.5. The
characteristic peaks at 1854cm- 1 and 1785cm- 1 may be attributed to the anhydride group,
and 1720cm- 1 and 910cm- 1 may be attributed to the carbonyl group of ester linkage and the
epoxy group, respectively. FT-IR results confirmed that the obtained terpolymers include
both the anhydride and epoxy groups. With extended polymerization duration, the
functional groups and their intensities of products did not remarkably change. These two
functional groups are also confirmed by NMR spectrum in Figure 2.6. Peak b (8=3.30) and
peak c (8=2.71-2.72 and 8=2.88-2.91) are attributed to different hydrogen protons of the
epoxy group, and peak a (8=2.45-2.52) is attributed to the hydrogen proton of maleic
anhydride.

Figure 2.4 The chemical structure of the synthesized terpolymer. 1>0, m>O, p>O, n>O.
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Figure 2.6 1H-NMR spectrum of terpolymer SMG101020 (polymerization time: 250 min)
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2.3.3 PBAT /TPS/SMG composites films

Synthesized terpolymers SMGs were used as the reactive compatibilizer of PBAT/TPS
composites. The PBAT/TPS system with 40wt% ofTPS was chosen as the control sample,
marked as P60T40. The possible reaction scheme among PBAT, TPS , and SMG is shown in
Figure 2. 7. The anhydride group and the epoxy group of SMG react with the hydroxyl
group ofTPS and the carboxyl group of PBAT, respectively, thus improving the interfacial
compatibility between PBAT and TPS. The cross section SEM images of PBAT/TPS/SMG
composites, PBAT/TPS composites and PBAT are shown in Figure 2.8, indicating that the
phase interface of PBAT/TPS/SMG composites became obscure, compared with that of
PBAT/TPS.
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Figure 2.7 Schematic reactions between synthesized terpolymer and PBAT/TPS system
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Figure 2.8 SEM images of (a) PBAT, (b) PBAT/TPS (60/40), (c)
PBAT/TPS/SMG900109 (60/40/1.0), (d) PBAT/TPS/SMG9oosos (60/40/1.0) and (e)
PBAT/TPS/SMGso1 010 (60/40/1.0)
The interfacial compatibility was improved in all samples using SMG as the compatibilizer.
However, the physical properties of PBAT/TPS/SMG composites showed certain
differences, as shown in Figure 2.9. Under the same 1.0phr of dosage, with the ratio
increase of MA and GMA in the SMG, such as SMG9oosos, SMGso1010, and SMG101s1s, the
tensile strength and elongation at break of PBAT/TPS/SMG gradually decreased. Under
the same total ratio of MA and GMA, such as SMG900109 and SMG9oosos, the higher tensile
strength and the longer elongation at break were obtained when the ratio of GMA was
higher. In particular, when only using the commercial compatibilizer Joncryl-ADR-4368
containing epoxy groups, the tensile strength reached 24.9MPa, at the same level as using
SMG900109. However, the elongation at break of the sample using Joncryl-ADR-4368 was
366%, which was much lower than 512% when using SMG900109 . These results showed
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that the synthetic compatibilizers (e.g., SMG900109) could improve the compatibility and
physical properties. The compatibilizer 4368 also improved the tensile strength, but
significantly decrease the elongation at break.
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Figure 2.9 Mechanical properties of PBAT/TPS, PBAT/TPS/SMG and
PBAT/TPS/4368
The reason for the higher ratios of MA and GMA in the SMG, leading to the decrease of
mechanical properties, might be ascribed to the potential crosslinking reaction between the
compatibilizers during the twin-screw extruding process, which tends to hinder the further
improvement of the mechanical properties of PBAT/TPS blends. Thus, the improvement
might be limited by the potential crosslinking reaction between the anhydride group and
the epoxy group. In particular, the agglomeration generated from the crosslinking will
affect the compatibility between PBAT and TPS and decrease the tensile strength.
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Improving the dispersion of SMG in the PBAT/TPS system before reactive extrusion to
avoid the crosslinking in the extrusion processing and choosing the appropriate ratio of
MAH and GMA might be the two key aspects to further improve the physical properties
of PBAT/TPS systems.
2.3.4 Preparation of M-PBAT using chain extender

The increase of polymeric molecular weight (MW) generally led to the improvement of
mechanical properties. Herein PPGDE, PBO, and Joncryl-ADR-4368 are chosen as the
chain extenders to increase the MW of PBAT via reactive extrusion. The modified PBAT
(M-PBAT) samples were named as PBAT-PPGDE, PBAT-PBO, and PBAT-4368,
respectively. Figure 2.10 and Figure 2.11 show the FTIR spectra and GPC curves of PBAT
and M-PBAT, respectively. No remarkable chemical structural changes were observed in
the FTIR spectra before and after the modification of PBAT, which is probably because
the change of chain extension only happened in the terminal groups and the total amount
of reacted groups was limited. However, the differences were observed in the MW curves.
After the modification with the chain extender, the MW increased and the MW distribution
became narrower (see Table 2.1). The number-average MWs ofM-PBATwere larger than
that of the original PBAT. In particular, the number-average MW of PBAT-4368 using
Joncryl-ADR-4368 as the chain extender was nearly two times of original PBAT. The
narrower MW distribution meant that MW became more uniform after modification.
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Table 2.1 Molecular weights and molecular weight distributions of PBAT and M-PBAT
Samples

Mw

Mn

Mw!Mn

PBAT

4.51 xI04

2.09x104

2.16

PBAT-PBO

4.l 7xl04

2.26xI0 4

1.85

PBAT-PPGDE

4.85xI04

2.60x104

1.87

PBAT-4368

6.68x104

3.98x104

1.68

2.3.5 PBAT/M-PBATf fPS composites films

P60T40 was chosen as the control sample. Using 20phr of M-PBAT instead of 20phr of
PBAT in the P60T40 composites, the new recipe was marked as P40MP20T40. The rotating
speed of the twin-screw extruder was also investigated as a proper rotating speed may
improve the phase dispersion, and meanwhile has the least negative effect on the MW.
Both the phase dispersion and the MW are related to the mechanical properties of the
composite.
The mechanical properties of the PBAT/M-PBAT/TPS composite system are shown in
Figure 2.12. With the increase of the rotating speed, from 120rpm to 280rpm, and even to
400rpm, the tensile strength of the obtained films gradually decreased, while the elongation
at break slowly increased. The difference may be attributed to the chain scission and the
better phase dispersion originated from the higher screw rotating speed. At the same
rotating speed of 280rpm, after M-PBAT replaced part of PBAT in the PBAT/TPS
composites, both the tensile strength and elongation at break increased. These changes
were different from the results of adding the compatibilizer Joncryl-ADR-4368. Directly
using the commercial compatibilizer, the tensile strength increased. However, the
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elongation at break remarkably decreased. When using the self-synthetic terpolymer SMG
as the compatibilizer, the potential crosslinking reaction of SMG limited the improvement
of the tensile strength and elongation at break. However, using M-PBAT, both the tensile
strength and elongation at break increased. On the one hand, the improvement of
mechanical properties using M-PBAT may be ascribed to the improvement of the
compatibility between PBAT and TPS (as shown in Figure 2.13), which indicated the
interface in the PBAT/M-PBAT/TPS system was obscure, and different from the interface
of PBAT/TPS system.
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Figure 2.12 Mechanical properties of P60T40, P40MP20T40 and P60T40/4368. In the
P40MP20T40-PPGDE-120, PPGDE means the chain extender, and 120 means the
rotating speed of twin-screw extruder
On the other hand, the improvement also resulted from the larger MW and better
mechanical properties ofM-PBAT (e.g., the tensile strength ofM-PBAT is 48.2MPa when
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using PPGDE as the chain extender). The PBAT/TPS composites with 50wt% of TPS and
50wt% of PBAT cannot be blown into films. However, when using 20wt% of PBATPPGDE instead of 20wt% of PBAT, the PBAT/M-PBAT/TPS system (30/20/50) can be
blown into films, indicating better processing and physical properties.
Overall, the tensile strength of PBAT/M-PBAT/TPS with 40wt% ofTPS reached the level
of 27MPa, which was accorded with the tensile strength of certain pure low density
polyethylene (LDPE), indicating that the PBAT/M-PBAT/TPS composites with 40wt% of
TPS are promising for various applications.

Figure 2.13 SEM images of P60T40, P60T40/4368(lphr), P40MP20T40-PB0-280 and
P40MP20 T40-PPGDE-280
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2.4 Conclusions

In this work, the mechanical properties and the improvements of PBAT/TPS composites
were investigated. The mechanical properties were determined by the content and
dispersion of TPS. The maximum tensile strength of PBAT/TPS composites with 30wt%
of TPS may be attributed to the smaller sizes and better dispersion of TPS particles. Both
the commercial compatibilizer marked as 4368 and self-synthesized terpolymers
compatibilizer marked as SMG can improve the compatibility and dispersion of
PBAT/TPS system, consequently improving tensile strength. Another approach to improve
the mechanical properties is to modify the PBAT. Modified PBATs with higher molecular
weight were obtained via reactive extrusion using the chain extender PPGDE, PBO, and
4368. Furthermore, PBAT/M-PBAT/TPS composites with better mechanical properties
were prepared by using M-PBA T to replace part of PBAT. Also better dispersion of TPS
were observed in the PBAT/M-PBAT/TPS composites. Overall, the results of above
27MPa of tensile strength and 500% of elongation at break of PBAT4o/M-PBAT20/TPS4o
composites are encouraging.

With the

satisfied mechanical performance, the

biodegradability, and the reduced cost, PBAT40/M-PBAT20/TPS40 composites indicate a
promising application in packaging products and agricultural mulching films.
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CHAPTER 3 Preparation and properties of novel non-leaching
antimicrobial LLDPE films
ABSTRACT

Antimicrobial packaging films have been widely used in various applications. However,
due to the concerns regarding safe food and the consumer demands for preservative-free
products, the antimicrobial agents applied into the packaging have to be highly effective
and the leaching effect is not allowed. In this chapter, the antimicrobial agent
polyhexamethylene guanidine hydrochloride (PHGH) was compounded with starch to
prepare the antimicrobial thermoplastic starch (ATPS). ATPS was then melt blended with
linear low density polyethylene (LLDPE) to prepare the novel antimicrobial packaging
film. The antimicrobial properties of LLD PE/ATPS films were assessed using the shaking
flask method. The test results showed that the film was able to deactivate Escherichia coli
(E. Coli) within 3min at less than 3wt% of PHGH content. The ring diffusion test further

confirmed the non-leaching effect of the film. The addition of ATPS decreased the
crystallinity of LLD PE while the existed spherulites did not grow, but were kept the same
size. However, the tensile strength of the films has been compromised due to the addition
of ATPS; although the compatibilizer PE-g-MAH improved the compatibility between
LLDPE and ATPS. Both rheological analysis and SEM images indicated that a high ATPS
content might result in poor compatibility.
Keywords: Antimicrobial property, Linear low density polyethylene, Polyhexamethylene

guanidine hydrochloride, Thermoplastic starch, Non-leaching
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3.1 Introduction

In recent years, the booming demands on safe food and personal care products have given
rise to the emergence of active packaging materials. As an alternative to traditional
packaging, active packaging was usually considered as a novel material that performed
desired functions other than merely providing a barrier between the product and external
environment [1, 2]. Antimicrobial packaging is one of the most typical active packaging
materials, which is not only beneficial to the consumers but also to the food and hygiene
industries, as the innovative packaging can extend the shelf-life of products through
deactivating or reducing the growth rate of various microorganisms [3-5]. However, due
to a potential concentration dependent toxicity, the active concentration of antimicrobial
agents or preservatives applied to food packaging and medical devices must be kept as low
as possible [6, 7]. Such a market and regulatory requirement suggested that the
development of a flexible polymeric packaging material with highly effective antimicrobial
property appeared to be necessary; meanwhile, the leaching effect of the incorporated
antimicrobial agent has to be closely controlled [8].
The common cationic polymers, especially the guanidine based cationic polymers, have
presented excellent growth inhibition against bacteria [9], fungus [10] and viruses [11]. As
one of the most representative guanidine polymers, polyhexamethylene guanidine
hydrochloride (PHGH) has exhibited great potential in the development of materials with
sterile-surfaces, which can be readily prepared [12, 13]. More importantly, bacteria can
rarely develop drug resistance as the consequence of the unique physical action of
guanidine polymers [14].
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In the engineering plastic field, linear low density polyethylene (LLDPE) has a broad range
of applications in film production and injection molding due to its excellent mechanical
properties and high draw-down ratio [15]. These advantages made LLDPE an ideal matrix
for flexible packaging material. The integration of PHGH with LLD PE in the presence of
appropriate carrier and compatibilizer enables preparation of a novel packaging material
with inherent antimicrobial property at a relatively low cost.
In this work, PHGH was blended with starch through a twin-screw extruder to prepare the
antimicrobial thermoplastic starch (ATPS). Then ATPS and LLD PE were compounded in
the presence of the compatibilizer, polyethylene grafted maleic anhydride, to prepare the
non-leaching antimicrobial LLDPE films. The antimicrobial property and non-leaching
effect of the films were examined by the shaking flask method and the ring diffusion
method, respectively. In addition, the thermal, mechanical and rheological properties as
well as the cross-section morphologies were also investigated.

3.2 Experimental

3.2.1 Materials

Linear low density polyethylene (LLD PE, product of NOV A Chemicals, film grade, comonomer: octene, density 0.920g/cm3, MFI=l .Og/1 Omin at 190°C, 2.16kg load) and potato
starch (food grade) were provided by Al Pack Company (Moncton, New Brunswick,
Canada). Hexamethylene diamine, guanidine hydrochloride, glycerol and polyethylenegraft-maleic anhydride (PE-g-MAH, saponification value 32-36mg KOH/g, viscosity
1,700-4,500cP) were purchased from Sigma-Aldrich without any further purification.
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Polyhexamethylene guanidine hydrochloride (PHGH) with the number-average molecular
weight 720Da (tested by ESI-TOF-MS) was synthesized according to the procedures
described [16], and its structure is shown in Figure 3.1.

Polyhexamethylene guanidine hydrochloride (PHGH)

Figure 3.1 Chemical structure of PHGH
Luria Bertani (LB) broth, LB agar and phosphate buffered saline (PBS, pH=7.4) were used
for the cultivation of bacteria. Deionized water was used in all experiments.

3.2.2 Preparation of thermoplastic starch (TPS), antimicrobial thermoplastic starch
(ATPS), LLDPE composite film and antimicrobial LLDPE film
The plasticization of starch was conducted in a ZSK 18 MEGAlab twin-screw extruder
(screw outer diameter: 18 mm, ratio oflength to diameter: 40: 1, Coperion, Ramsey, USA).
Potato starch, glycerol and deionized water were homogenized and extruded for the TPS
pellets. The temperature profile used was 85/110/135/155/l 70/160/150°C from the feed
throat to die, with the melt temperature of 165°C. The screw speed was set at 150rpm. The
preparation of ATPS pellets was similar to that of TPS. The difference was to use PHGH
aqueous solution instead of water. The final content of PHGH within ATPS was 15.7wt%.
The preparation of LLDPE/TPS and antimicrobial LLD PE/ATPS pellets was to mix
LLDPE pellets with previously obtained TPS or ATPS pellets and the compatibilizers, PEg-MAH. Then, the mixtures were extruded using a twin-screw extruder to produce the
LLDPE/TPS or the antimicrobial LLD PE/ATPS composite pellets. The temperature profile
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used was 100/125/150/175/200/205/190°C from the feed throat to die, with the melt
temperature of200°C. The screw speed was set at 180rpm. The recipes are shown in Table
3.1.
Table 3.1 The recipes ofLLDPE/TPS and LLDPE/ATPS pellets
PHGH content
Entries

LLDPE/phr

TPS/phr

ATPS/phr

PE-g-MAH/phr
(wt%)

LLDPE

100

Cl

93.6

6.4

ClM

93.6

6.4

LlM

100

2.5

L2

100

5.0

L2M

100

5.0

L3

93.6

6.4

L3M

93.6

6.4

1.5

0.99

L4M

93.6

6.4

3.0

0.98

L5M

93.6

6.4

5.0

0.96

L6

87.2

12.8

L6M

87.2

12.8

5.0

1.91

L7M

80.8

19.2

5.0

2.87

1.5
1.5

0.38
0.75

1.5

0.74
1.00

2.00

The films were produced using a Saturn Laboratory Blown Film Extrusion System (Future
Design Inc., Mississauga, Canada). The single screw outer diameter and the ration oflength
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to diameter of extrusion system were 25mm and 30: 1, respectively. The die diameter of the
blown film system is 6.3cm with the gap of 1mm. The temperature profile used was
170/180/190/205/190/l 80°C from the feed throat to die, with the melt temperature of
195°C. The screw speed was set at 25rpm, while the melt pressure was 2000-2350psi, and
the nip drive was l .5m/min. The thickness of the resultant films was 40-60µm.

3.2.3 Antimicrobial property tests

There were two types of tests conducted in this work to investigate the antimicrobial
properties of both A TPS and LLD PE/A TPS film products, including the shaking flask
method and the ring diffusion method. The Gram-negative bacterium Escherichia coli (E.

coli, ATCC 11229) was chosen as the representative bacteria.
The shaking flask method was a quantitative approach to evaluate the antimicrobial
properties of the sample. The procedure was as follows: 0.10g test sample scraps and 5mL
bacterial culture ( 10 5 CFU/mL) were mixed and shaken at 200rpm at 37°C in an incubator
2
for a certain duration, for instance, 1hr. After shaking, a series of the dilutions (10-1, 10- ,

10-3 and 104 ) were prepared by successively adding 0.5mL culture into 4.5mL PBS
solution. Then, O.lmL of the culture was seeded on an agar plate. The plates were kept in
an incubator at 37°C for 24hrs. The number of the colonies was counted, and the process
was repeated three times to have an average colony count for each sample. The inhibition
of the cell growth was calculated based on the following equation (3.1):
Growth inhibition of cell(%)= (A-B)/AxlOO%

(3.1)

where A and B are the number of the colonies counted from the control and the
corresponding film sample, respectively.
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The ring diffusion method used in this work is a qualitative test to evaluate the
antimicrobial properties and to confirm the non-leaching effect of the film sample. The
following specific procedures were used: O.lmL of bacterial culture (10 6 CFU/mL) was
spread on the LB agar plates. Then a round piece of sample (diameter: 25-30mm) was
placed on the surface of the agar. The plates were kept in an incubator at 37°C for 24hrs.
The non-leaching effect was evaluated by examining whether there was any inhibition zone
(ring) around the sample.

3.2.4 Differential scanning calorimetry

A differential scanning calorimetry (DSC) (model DSC Q20, TA instruments, USA) was
used to determine the melting behavior and the crystallinity of film samples. A set of
heating/cooling/heating ramps was carried out following a three-step procedure. A sample
of approximately 10mg was first heated from room temperature to 190°C at 10°C/min and
held in the melting state for 2min to erase the thermal history. Then, a subsequent cooling
was performed from 190°C to 0°C at 10°C/min. In the second run, the sample was heated
from 0°C to l 90°C at 10°C/min again to investigate the melting behavior and to measure
the crystallinity of LLDPE. The DSC cell was constantly purged with nitrogen at a flow
rate of 50mL/min. The relative crystallinity (Xe) was calculated by equation (3.2):
(3.2)

Xc=iJHm/(fxJH*m)x 100%

where iJHm is the melting enthalpy detected in the experiment, while f is the weight
fraction of LLDPE in the blend and JH*m represents the perfect enthalpy of 100%
crystalline LLDPE, which is reported as 2931/g [17].
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3.2.5 Mechanical properties
The mechanical properties were measured using a universal testing machine (Instron
Model 4465, Norwood, USA) at room temperature (23°C). The tensile strength and
elongation at break were recorded in the machine direction (MD) with a cross head speed
of 500mm/min, according to ASTM D882. At least ten dumbbell shaped samples
(115.0mmx6.0mm) were tested for each film, and the average thickness was recorded using
a micrometer caliper prior to the test.

3.2.6 Rheological properties
Rheological studies were carried out with a rotational rheometer (Anton Paar, Model
MCR302) in the oscillatory shear mode. The diameter of parallel plates was 25mm, and a
gap spacing of 1mm was set in all measurements. The range of the frequency sweeps was
from 0.01 to lOOrad/s, and the strain was 0.1 %. The rheological data were recorded at
180oC under a nitrogen atmosphere. The phase angle 8 is defined in equation (3.3):
(3.3)

o=atanG' '/G'
where G" and G' are the loss modulus and storage modulus, respectively.

3.2. 7 Scanning electron microscopy
A scanning electron microscope (SEM) (Model JSM6400, JEOL, USA) was used to
examine the cross section morphologies of the prepared film samples. The top surfaces of
the samples were coated with a thin layer of carbon. An accelerated voltage of 1OKV and
vacuum pressure of approximately 1o-6 Pa were used as the operation conditions.
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3.3 Results and discussion

3.3.1 Antimicrobial properties of ATPS and LLD PE/ATPS films

The antimicrobial properties of A TPS were investigated by the shaking flask method, and
the results are presented in Table 3.2.
Table 3.2 The antimicrobial properties of ATPS within different
shaking time intervals (unit:%)
Entries

15 s

30 s

1 min

3 min

5 min

ATPS

>99.99

>99.99

>99.99

>99.99

>99.99

ATPS has achieved excellent growth inhibition even when the shaking time was only 15s,
which was mainly attributed to the incorporated antimicrobial agent, PHGH. As one of the
most representative guanidine containing polymers, PHGH is a broad-spectrum
antimicrobial substance with a typical minimum inhibitory concentration (MIC) of 416ppm [18]. The positively charged PHGH was highly affinitive to the negatively charged
cell walls and membranes of bacteria, such as E. Coli [ 14]. The contact between bacteria
and PHGH would firstly result in damages to membranes, then the leaking of cytoplasm
and the final death of bacteria. Moreover, the high concentration of PHGH within ATPS
would accelerate the bacterial deactivating process. A TPS prepared through melt blending
in this work could be further compounded with various thermoplastic polymers, such as
polypropylene (PP) and polyethylene terephthalate (PET), to prepare novel antimicrobial
materials through a facile approach.
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Table 3 .3 The antimicrobial test results of LLD PEIA TPS films
Antimicrobial test results
Ring diffusion method
Entries

Shaking flask method

(1hr shaking, unit: %)

Inhibition zone

Colonies found

(ring)

underneath the film

LLDPE

0

NIA

YES

Cl

0

NIA

YES

ClM

0

NIA

YES

LlM

36.40

NONE

YES

L2

74.28

NONE

YES

L2M

72.76

NONE

YES

L3

>99.99

NONE

YES

L3M

>99.99

NONE

YES

L4M

>99.99

NONE

YES

L5M

>99.99

NONE

YES

L6

>99.99

NONE

NO

L6M

>99.99

NONE

NO

L7M

>99.99

NONE

NO

The antimicrobial properties of LLD PEIATPS films are presented in Table 3.3.
Apparently, the coupling agent PE-g-MAH in the control sample ClM did not show any
growth inhibition in the shaking flask test, suggesting that PE-g-MAH had no ability of
deactivating E. Coli. However, films containing ATPS have shown a different inhibition
efficiency based on the shaking flask method, which might be associated with the
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concentration and distribution of PHGH on the surface of the film. By compounding with
starch and LLDPE, PHGH was distributed through the matrix of the film. Once bacteria
had contacted with PHGH on the surface of the film, they would be killed instantly. It was
believed that the more PHGH was located and evenly distributed on the surface of the film,
the better bacteria growth inhibition would be reached by the antimicrobial film. The
PHGH content of LlM, L2 and L2M were 0.38wt%, 0.75wt% and 0.74wt%, respectively,
corresponding to the growth inhibition of 36.40%, 74.28% and 72.76% in the 1hr shaking
test, respectively. However, when PHGH content was increased to 0.96wt% (L5M) and
above, the corresponding 1hr shaking flask growth inhibition was over 99. 99%. The high
bacteria deactivating efficiency suggested that a high PH GH bulk content (around 1. Owt%)
was essential for a better antimicrobial activity of the prepared film products. As a typical
hydrophobic polymeric material, LLDPE is hardly compatible with the highly hydrophilic
starch and PHGH. A simple blending of LLDPE with ATPS was more likely to generate
A TPS agglomerations rather than an even distribution within the matrix of LLD PE, which
might have a negative effect on the antimicrobial and mechanical properties. The
compatibilizer, PE-g-MAH, was able to react with both starch and PHGH [19, 20]. The
introduction of PE-g-MAH was supposed to improve the compatibility between ATPS and
LLDPE as well as to enhance the retention of PHGH so that PHGH could have a better
distribution on the surface of the film. However, the lh shaking flask test results between
L2 and L2M did not demonstrate any significant difference (74.28% versus 72.76%). A
similar situation happened among L3, L3M, L4M and L5M, and the growth inhibition were
all over 99.99%. It seemed that the introduction of PE-g-MAH has barely affected the test
results. The antimicrobial property of the film was more likely PHGH bulk content
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dependent, which was in accordance with the previous discussion. The possible
explanation was that, although PE-g-MAH may have anchored PHGH on the surface of
the film, the compatibility has been improved less than expected.
Besides the shaking flask method, the ring diffusion method was applied to evaluate the
non-leaching effect and antimicrobial property of the film as well. The antimicrobial agents
with migration ability in certain hygiene materials are usually able to form an inhibition
zone in the ring diffusion test, due to the leaching effect (see Figure 3.2 top, from our
previous work [21 ]). The antimicrobial property of such materials can be evaluated by
measuring the diameter of the inhibition zones [22, 23]. With regard to antimicrobial
materials without the leaching effect, although they held the same ability to deactivate
bacteria, there will not be any inhibition zone around the test sample. From the results in
Figure 3.2, none of the films prepared in this work have shown any inhibition zone, which
confirmed the non-leaching effect.
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Shaking flask

Ring diffusion

LLDPE

L1M

L2M

L3M

L6M

L7M

Figure 3.2 Ring diffusion test to confirm the non-leaching effect
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Nonetheless, it was interesting to notice that there were colonies found underneath most of
the film samples, except L6, L6M and L7M. This phenomena was simply ascribed to the
higher E. Coli culture concentration (10 6 CFU/mL) used in the ring diffusion test, while
the shaking flask method was one magnitude (10 5 CFU/mL) fewer. The shaking flask
method is a dynamic approach to examine antimicrobial properties through different time
intervals, while the ring diffusion method was more focused on evaluating the non-leaching
effect of the material in this work. Nevertheless, the results give an indication that higher
PHGH bulk content did play a major role in enhancing the antimicrobial property.
Table 3.4 The antimicrobial properties of LLDPE/ATPS films
within shorter shaking time intervals (unit: %)
Entries

15 s

30 s

1 min

3 min

5 min

10 min

20 min

L6M

0

0

0

14.43

99.71

>99.99

>99.99

L7M

93.53

91.79

97.72

>99.99

>99.99

>99.99

>99.99

In order to further investigate the rapid bacteria killing efficiency of LLDPE/ATPS films,
L6M and L 7M were chosen for the shaking flask test within shorter time intervals. The test
results are summarized in Table 3.4. Both film samples was able to reach over 99.99%
growth inhibition within 1Omin. L7M exhibited even better performance since the growth
inhibition efficiency of which were over 90% within only 15s. As previously indicated, the
higher PHGH bulk content was the key reason that more PHGH were capable of capturing
and deactivating E. Coli instantly. This type of material has a great potential to be prepared
as food packaging material or other applications where a rapid bacteria deactivating
efficiency is needed. Moreover, another advantage of incorporating PHGH into the matrix
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of the film rather than applying a thin coating layer on the surface of the material is that
the antimicrobial property would last through the lifetime of the product upon regular usage
[24].

3.3.2 DSC analysis
The DSC melting traces and thermal transition data of LLD PE/A TPS films for which the
growth inhibition were over 99.99% are presented in Figure 3.3 and Table 3.5, respectively.

LLDPE
L3

C.
:::J

L3M

0

"C
C

L4M

Q)

~
0
LL

L5M

-

L6

+-'

ctS

Q)

L6M

:c:

L7M

40

60

80

100

120

Temperature {°C)
Figure 3.3 DSC melting traces of LLDPE/ATPS films
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Table 3.5 DSC melting results ofLLDPE/ATPS films
Entries

Ton (°C)

T1(0C)

flT (°C)

T,,ti (OC)

T,,12 (OC)

tilim (Jig)

Xe(%)

LLDPE

86.1

127.9

41.8

112.6

123.6

113.6

38.8

L3

87.1

128.4

41.2

112.9

123.9

106.5

36.3

L3M

86.6

127.6

41.0

112.1

123.3

106.2

36.2

L4M

87.1

127.9

40.8

112.5

123.6

105.3

35.9

L5M

86.9

128.4

41.5

112.7

123.5

105.9

36.1

L6

86.9

128.4

41.5

113.0

123.6

100.1

34.2

L6M

86.4

128.4

41.9

112.7

123.8

99.8

34.1

L7M

86.2

128.0

41.8

112.7

123.6

90.2

30.8

Ton: onset melting temperature; Tf. final melting temperature; !1T=T1-Ton; T,,f1: the first
peak melting temperature; T,,f2 : the second peak melting temperature; 11Hm: enthalpy
of fusion; Xe,: crystallinity.

There were two melting peaks observed in the DSC melting traces, which were placed at
around 112°C and 123°C, respectively. Conventional copolymers, such as ethylene-vinyl
acetate (EVA), usually exhibited more than one melting peak due to the presence of
different lamellae thickness and secondary crystallization behavior resulting from the
comonomers [25-27]. LLDPE used in this work was a copolymer of ethylene and 1-octene.
As larger comonomer molecules, octene was mostly located on the shorter side chains. The
spherulites generated from both the main chains and side chains with two different lamellae
distribution were the major reason of the two melting peaks [28]. The onset and final
melting temperatures as well as both melting peak temperatures were quite close among
92

all the film samples, suggesting that there was no new crystalline forms generated due to
the addition of A TPS, while the existing spherulites did not grow, yet were maintained the
same size. The crystallinity decreased when A TPS content was increasing, indicating that
ATPS was not a nucleating agent for LLDPE. The difference among L3, L3M, L4M and
L5M was the content of the compatibilizer, PE-g-MAH, in the recipes. However, neither
the crystallinity nor the thermal transition temperatures among L3, L3M, L4M and L5M
have shown any significant changes. Although the thermal transition temperatures between
L6 and L6M were quite close as well, the crystallinities of L6 and L6M both decreased
compared to those ofL3, L3M, L4M and L5M. Apparently, the addition of ATPS partially
hindered the chain movement and affected the crystallization ability of LLDPE, which
should be responsible for the decrease of crystallinity. In the meantime, PE-g-MAH has
barely improved the compatibility of the blends from a calorimetric point of view. A similar
situation has been observed in the starch/LLDPE system, in which succinylated starch was
prepared as the compatibilizer [ 15].

3.3.3 Mechanical properties

The mechanical properties of pure LLD PE and LLDPE/starch films are shown in Figure
3.4. The tensile strength and elongation at break of pure LLDPE were 50.4MPa and 612%,
respectively. After starch was added, the tensile strength of the films decreased
dramatically. The TPS content of Cl and ClM were both 6.4phr, but the tensile strength
of ClM (35.lMPa) was higher than that of Cl (3 l.8MPa) due to the presence of PE-gMAH. L3 and Cl had the same starch content (6.4phr ATPS and TPS, respectively), and
the tensile strength were quite close (31.5MPa versus 31.8MPa), which suggested that the
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addition of ATPS and TPS had a similar effect to LLDPE. The introduction of 1.5phr PEg-MAH raised the tensile strength of L3M to 36.8MPa, a 16.8% increment compared to
that of L3 . The further addition of PE-g-MAH from 1.5phr to 3.0phr (L4M) and 5.0phr
(L5M) was still able to increase tensile strength but within a limited amount, which was
probably attributed to the low ATPS content. When ATPS content was increased to
12.8phr, the tensile strength of L6 dropped to 28.4MPa. However, the addition of 5.0phr
PE-g-MAH had a positive effect on L6M, the tensile strength of which was 27% higher
(36.2MPa) than that of L6. Although L7M also contained 5phr PE-g-MAH, the tensile
strength of which was only 26.lMPa, due to the high amount of ATPS (19.2phr).
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Figure 3 .4 Mechanical properties of pure LLD PE and LLDPE/starch films
The least elongation of break occurred to L7M (483%), which was 21 % less than that of
the pure LLDPE (612%). Considering the tensile strength of L7M was just over 50% of
the pure LLDPE, it can be concluded that the elongation of break of LLDPE/starch films
was less sensitive to the content of starch compared to the tensile strength.
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3.3.4 Rheological properties
The rheological properties of LLD PE/A TPS films, for which the growth inhibition were
over 99.99%, are presented in Figure 3.5 (a)-(f). The dependence of complex viscosity (11*)
on the angular frequencies (co) at 180°C in Figure 3.5 (a) exhibited a drastic decrease in
viscosity with an increase in frequency for all of the samples, which can be described as a
typical pseudoplastic liquid behavior; although none of the samples showed any Newtonian
region. It is worth noting that the complex viscosity of both L3 and L6 were close to that
of the pure LLDPE, while the other samples containing PE-g-MAH were slightly lower.
The dynamic storage modulus (G') and loss modulus (G") as a function of angular
frequency (co) are illustrated in Figure 3.5 (b) and (c), respectively. The storage modulus
was related to the elastic properties of the blends or the energy stored during deformation,
while the loss modulus reflected the viscous properties of the blends or the energy
dissipated in the flow [29]. The storage modulus of L7M was the highest among all of the
samples at the lower frequency region but started to become smaller than other samples,
such as LLDPE and L3, at the higher frequency region, which was mainly attributed to the
high A TPS content of L 7M. The loss modulus displayed a similar pattern, but the
difference at the lower frequency region was insignificant. Both storage and loss modulus
did not completely converge over the tested angular frequency region, which indicated the
existence of A TPS concentration dependent morphological changes in the blends.
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Figure 3.5 The rheological analysis of pure LLD PE and LLDPE/ATPS films: (a)
complex viscosity; (b) storage modulus; (c) loss modulus; (d) tan 8; (e) Han-Chuang
plot
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The transition of a polymer blend from liquid like (viscous) to solid like (elastic) is usually
called gel point, at which the blend is considered as a true viscoelastic fluid due to restricted
molecular flexibility or mobility [30, 31]. Figure 3.5 (d) shows the viscoelastic behavior of
LLD PE/ATPS blends via the plot of tan 8 versus angular frequency (ro ). When tan 8 is 1,
G'' equals to G', at which the gel point appears. With regard to pure LLD PE, G' was only
larger than G" when the angular frequency reached lOOrad/s, which indicated the
dominance of the viscous component over the elastic part. Other LLD PE/A TPS blends
containing 6.4phr ATPS exhibited a similar pattern, as G' was not beyond G" until the
angular frequency was close to 1OOrad/s. Blends with higher ATPS content, such as L6,
L6M and L7M, have presented the gel point at a rather lower angular frequency around
72rad/s. It seemed that the increasing ATPS content has improved the elastic property of
blends.
The compatibility of LLD PE/ATPS blends was evaluated using the criteria proposed by
Han and Chuang [32-34] in the form of G' versus G'' in the logarithmic scale, as shown in
Figure 3.5 (e). As previously discussed, G' and G" can be illustrated as the energy stored
and dissipated in the molecules, respectively, during the shearing deformation. Therefore,
the ratio of the energy stored to the energy dissipated while performing the test was
expected to be independent of the blend composition as long as the blend system was fully
miscible and the molecular structure was kept the same. In general, for homogeneous blend
systems, the Han-Huang plot usually exhibited a composition independent correlation,
whereas the incompatible systems displayed a composition dependent correlation [35, 36].
In the LLDPE/ATPS blends, a concentration dependent correlation was observed at the
lower angular frequency for samples with higher ATPS content, such as L6 and L7M. L6M
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was found to have shown a better compatibility, of which the correlation was similar to
those with less ATPS content blends.

3.3.5 SEM images

Figure 3 .6 SEM images of film cross-section
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The cross-section morphologies of pure LLDPE and LLDPE/ATPS films are shown in
Figure 3.6. Apparently, the morphology of pure LLDPE film was rather smooth, while the
other films exhibited vacant sites and embedded ATPS particles in the matrix. Although
the ATPS contents among L3, L3M, L4M and L5M were the same (6.4phr), the existence
of PE-g-MAH in various amounts resulted in different morphologies. The size of the
vacancies and aggregated ATPS particles in L3 were reduced in L3M, L4M and L5M, as
the compatibilizer improved the dispersion and adhesion between the interphase, which
was in accordance with mechanical properties. The vacancies within L6 were even
interconnected in certain regions, which could explain the lower tensile strength compared
to L6M. The larger sized particles within L7M had less interaction with the LLD PE matrix,
yet strongly interacted with each other through hydrogen bonding, which eventually
resulted in the poor mechanical properties even in the existence of 5phr PE-g-MAH.

3.4 Conclusions

A LLDPE based novel antimicrobial packaging film has been prepared through melt
compounding. The antimicrobial properties and non-leaching effect were examined by the
shaking flask method and the ring diffusion method, respectively. The test results
suggested that the antimicrobial property was related to PHGH content. A relatively high
PHGH content (around l .Owt% on film) was essential for high antimicrobial activity. The
dynamic antimicrobial test demonstrated a rapid bacterial deactivating efficiency (within
3min) of the film at a PHGH content of less than 3wt%. The ring diffusion test confirmed
the non-leaching effect of the prepared LLD PE/ATPS film. The addition of ATPS
decreased the crystallinity of LLD PE, while the existed spherulites did not grow, but were
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kept the same size. However, the tensile strength of the films has been compromised due
to the addition of ATPS. The compatibilizer PE-g-MAH was able to improve the
mechanical properties; although a high content ATPS might still result in a poor
compatibility between LLD PE and ATPS, which has been further confirmed by rheological
analysis and SEM observations.
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CHAPTER 4 Preparation of non-leaching antimicrobial biodegradable
PBAT films through a facile and novel approach
ABSTRACT

The antimicrobial thermoplastics starch (A TPS) containing guanidine-based polymers was
prepared through the twin-screw extrusion of potato starch and polyhexamethylene
guanidine hydrochloride (PHGH). Furthermore, the antimicrobial biodegradable
poly(butylene adipate-co-terephthalate) (PBAT) with non-leaching characteristic was
prepared through the reactive extrusion of PBAT and ATPS in the presence of 2,2'-(1,3phenylene)-bis(2-oxazoline) (PBO). Finally, the antimicrobial PBAT films were obtained
through a film blown extrusion system. The mechanical properties of the antimicrobial
PBAT varied with the contents of ATPS and thermoplastic starch (TPS). Based on the
shaking flask method, the resulting antimicrobial PBAT films showed excellent
antimicrobial properties (growth inhibition was over 99.99%) and rapid pathogen
deactivation (growth inhibition was over 99.99% even within 15s of contact time). The
water washing and ring diffusion tests demonstrated that the antimicrobial PHGH was nonleaching. The antimicrobial PBAT films with an excellent antimicrobial activity can be
obtained even at a very low dosage of PHGH (0.1 wt%).
Keywords:

Biodegradable,

PBAT,

Polyhexamethylene

Antimicrobial activities, Non-leaching
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guanidine

hydrochloride,

4.1 Introduction

Biodegradable plastics are increasingly important as the traditional non-biodegradable
plastics are creating environmental problems [ 1]. Synthetic biodegradable polyester has
gained considerable attention in both research and application. Poly(butylene adipate-coterephthalate) (PBAT, known as BASF's Ecoflex), which has the similar mechanical
properties to the traditional low-density polyethylene (LOPE), is a novel commercially
available biodegradable polyester. The biological degradation of PBAT has been
investigated [2-4]. PBAT can be used to produce fibers, textile, mulching films, and
packaging materials [5-9]. However, due to the high cost compared to the conventional
polymers and the requirement of functional properties, such as electrical conductivity [ 1O]
and antimicrobial activity [ 11-16], research regarding PBAT composites and PBAT
modification has been extensively conducted. Reducing cost and incorporating
antimicrobial activity are becoming major concerns.
One method to reduce cost is the addition of inexpensive ingredients. As a naturally
biodegradable and inexpensive polymer, starch is the most often used additive in the
plastics industry [17]. In the presence of plasticizers, such as glycerol and water, granular
starch was processed to thermoplastic starch (TPS). PBAT/TPS composites were obtained
through the extrusion of PBAT and TPS in an extruder.
Antimicrobial activity is an important characteristic due to the growing awareness of
hygiene requirements, the prevention of disease transmission, and the cross-contamination
by microorganisms. In particular, the emergence of antibiotic-resistant bacteria propels the
development of antimicrobial agents and antimicrobial materials that would create less
antibiotic resistance. Compared to the low molecular weight biocides, the preparation and
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application of antimicrobial polymers received more consideration ascribed to their
enhanced antimicrobial activities and reduced residual toxicity. Furthermore, most
conventional and low molecular weight antibiotics (such as ciprofloxacin) deactivate
bacteria through penetrating into the target microorganism and acting on the specific
targets without destroying the bacterial morphology. Therefore, bacteria can easily develop
resistance. However, antimicrobial cationic polymers, such as antimicrobial peptides,
quaternary ammonium salts, and guanidine based polymers do not have a specific target
on microbes and instead interact with the microbial membranes through an electrostatic
interaction, resulting in damage to the membranes, and the leaking of cytoplasm, and then
the death of bacteria [18]. This physical action prevents the microbes from developing
resistance to the antimicrobial cationic polymers.
Guanidine based cationic polymers show excellent anti-bacterial [19-22], anti-fungal [23],
and anti-viral activities [24-26]. More importantly, guanidine based polymers can
overcome bacterial resistance [27, 28]. Polyhexamethylene guanidine hydrochloride
(PHGH) has been known for its excellent antimicrobial property for years. PHGH also
possesses great potential in the development of covalently bonding permanent sterilesurface materials through the terminal amine groups [29, 30] and highly effective
disinfectants for hospital infection control [31-34].
To date, few papers have been published regarding antimicrobial PBAT. Materials, such
as chitosan [16], heparin or hyaluronic acid [11], furanoside [13], polyaniline [10], silversilica [15], and multi-walled carbon nanotubes [14], were used to prepare the antimicrobial
PBAT. However, the preparation procedures were rather complicated, and no report on the
timeliness of antimicrobial properties was found.
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The current work focused on developing a novel and simple approach to prepare a rapid
and highly efficient antimicrobial PBAT composite. Using TPS (the general additive of
PBAT) as the media, an antimicrobial thermoplastic starch (ATPS) was developed in the
presence of PHGH and potato starch via the melting extrusion process in a twin-screw
extruder. Furthermore, antimicrobial PBAT was obtained by the melting extrusion of
PBAT, ATPS, and coupling agent. The mechanical properties of the antimicrobial PBAT
were fully acceptable upon regular usage. The coupling agent is able to provide covalent
bonding between PBAT and PHGH. The key advantages of the antimicrobial PBAT
composite are the rapid and highly efficient antimicrobial efficacy as well as the nonleaching of the antimicrobial compound, PHGH. These characteristics made the composite
film suitable for the preparation of the antimicrobial PBAT fabrics.

4.2 Experimental

4.2.1 Materials

Poly(butylene adipate-co-butylene terephthalate ), (PBAT, chemical structure as indicated
in Figure 4.la) and potato starch (food grade) was provided by Al Pack Company
(Moncton, New Brunswick, Canada). Hexamethylene diamine, guanidine hydrochloride,
glycerol and polyethylene-graft-maleic anhydride (PE-g-MAH, saponification value 3236mg KOH/g, viscosity 1,700-4,500cP) were purchased from Sigma-Aldrich without any
further purification. 2,2'-(1,3-phenylene)-bis(2-oxazoline) (PBO) was supplied by TCI
America (Figure 4.1 b).
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Polyhexamethylene guanidine hydrochloride (PHGH) with the number-average molecular
weight 720Da (tested by ESI-TOF-MS) was synthesized according to the procedures
described [20], and its structure is shown in Figure 4.1 c.

(a) PBAT

(b) PBO

(c) PHGH

Figure 4.1 Chemical structures of (a) PBAT, (b) PBO and (c) PHGH
Luria Bertani (LB) broth, LB agar and phosphate buffered saline (PBS, pH=7.4) were used
for the cultivation of bacteria. Deionized water was used in all the experiments.
4.2.2 Preparation of thermoplastic starch (TPS), anti-microbial thermoplastic starch
(ATPS), PBAT composite film and antimicrobial PBAT film

The plasticization of starch was conducted in a ZSK 18 MEGAlab twin-screw extruder
(screw outer diameter: 18 mm, ratio oflength to diameter: 40:1, Coperion, Ramsey, USA).
The potato starch, glycerol and deionized water were homogenized and extruded for the
TPS pellets (potato starch:glycerol:water = 100phr:30phr:20phr). The production of ATPS
pellets was almost the same as that of TPS. The difference was the use of PHGH aqueous
solution instead of water (potato starch: glycerol: PHGH aqueous solution =
100phr:30phr:45phr or 100phr:30phr:20phr). The content of PHGH in the ATPS depended
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on

the

concentration

of

The

PHGH.

temperature

profile

used

was

85/110/135/155/170/160/150°C from feed throat to die with the melt temperature of 165°C.
The screw speed was 150rpm.
The preparation of PBAT composites and antimicrobial PBAT pellets was to mix PBAT
pellets with the previously obtained TPS/ATPS pellets and other additives. Then, the
mixtures were extruded using a twin-screw extruder to produce the PBAT composite
pellets or the antimicrobial PBAT pellets. The temperature profile used was
90/125/150/175/l 80/175/170°C from feed throat to die with the melt temperature of 175°C.
The screw rotating speed was set at 180rpm.
The films were produced using a Saturn Laboratory Blown Film Extrusion System (Future
Design Inc., Mississauga, Canada). The single screw outer diameter and the ratio oflength
to diameter of the extrusion system were 25mm and 30:1, respectively. The die diameter
of blowing films system is 6.3cm with the gap of 1mm. The temperature profile used was
160/170/l 80/185/175/160°C from feed throat to die with the melt temperature of 180°C.
The screw rotating speed was set at 25rpm, while the melt pressure was 2500-2750psi and
nip drive was set at l .5m/min.
4.2.3 Mechanical properties

The mechanical properties were measured using a universal testing machine (lnstron
Model 4465, Norwood, USA) at room temperature (23°C). The tensile strength and
elongation at break were recorded in the machine direction (MD) with a cross head speed
of 500mm/min according to ASTM D882. At least ten dumbbell shaped samples
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(1 l 5.0mmx6.0mm) were tested for each film, and the average thickness was recorded using
a micrometer caliper prior to the test.

4.2.4 Scanning electron microscopy

A scanning electron microscope (SEM) (Model JSM6400, JEOL, USA) was used to
examine the surface morphologies before and after the soil burial test. The top surfaces of
the samples were coated with a thin layer of carbon. An accelerated voltage of 1OKV and
a vacuum pressure of approximately 1o-6 Pa were used as the operation conditions.
4.2.5 Antimicrobial property tests

There were two types of tests conducted in this work to investigate the antimicrobial
properties of both ATPS and LLD PE/ATPS film products, which include the shaking flask
method and the ring diffusion method. The Gram-negative bacterium Escherichia coli (E.

coli, ATCC 11229) was chosen as the representative bacteria.
The shaking flask method was a quantitative approach to evaluate the antimicrobial
properties of the samples. The procedure was as follows: 0.10g test sample scraps and 5mL
bacterial culture (10 5 CFU/mL) were mixed and shaken at 200rpm at 37°C in an incubator
2
for a certain duration, for instance, 1hr. After shaking, a series of the dilutions (10- 1, 10- ,

10-3 and 1o-4) were prepared by successively adding 0.5mL culture into 4.5mL PBS
solution. Then, O. lmL of the culture was seeded on an agar plate. The plates were kept in
an incubator at 37°C for 24hrs. The number of the colonies was counted, and the process
was repeated three times to have an average colony count for each sample. The inhibition
of the cell growth was calculated based on the following equation (4.1):
Growth inhibition of cell(%)= (A-B)/Axl00%
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(4.1)

where A and B were the number of the colonies counted from the control and the
corresponding antimicrobial PBAT film samples, respectively.
The ring diffusion method used in this work is a qualitative test to evaluate the
antimicrobial properties and to confirm the non-leaching effect of the film samples.
Following is the specific procedures: O.lmL of bacterial culture (10 6 CFU/mL) was spread
on the LB agar plates. Then, a round piece of sample (diameter: 25-30mm) was plated on
the surface of the agar. The plates were kept in an incubator at 37°C for 24hrs. The nonleaching effect was evaluated by examining whether there is any inhibition zone (ring)
around of the sample.

4.3 Results and discussion

4.3.1 Preparation of antimicrobial PBAT films

The recipes of the antimicrobial PBAT films are shown in Table 4.1. ATPS, a modified
TPS by PHGH, acted as the antimicrobial component (15.6wt% PHGH). PBO and PEMAH were used as the coupling agent to anchor PHGH within the PBAT matrix, which
can prevent the leaking effect of PHGH. The reaction between PBAT and PHGH via PBO
as the coupling agent is illustrated in Figure 4.2. The oxazoline groups can react with the
carboxyl group and the amine group, respectively [35]. The mechanism of the reaction is
similar when PE-MAH is used as the coupling agent. The anhydride group of PE-MAH
can react with both the carboxyl group in the PBAT matrix and the amine group in PHGH.
Therefore, PHGH was covalently bonded onto the PBAT matrix.
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Figure 4.2 The reaction between PBO, PBAT and PHGH

Table 4.1 The recipes of the antimicrobial PBAT films
PBATI

Entries

C

d

e

g

P60T40PB01

60.0

bl

P99.36ATo.64PB01

99.36

b2

p60T39.36AT0.64PBO I

60.0

cl

P97.sAT2.sPB01

97.5

c2

P60T31.sAT2.sPB01

60.0

dl

P9s.sAT4.sPB01

95.5

d2

P6oT3s.sAT4.sPB01

60.0

el

P93.6AT6.4PEM3

93.6

e2

P60T33.6AT6.4PEM3

60.0

e3

P93.6AT6.4PB01

93.6

e4

p60T33.6AT6.4PBO I

60.0

e5

P6oMT33.~T6.4PB01

60.0

a
b

Sample codes

TPSlg

ATPS

PBOI

lg

g

37.5

35.5

33.6

PHGH

MAH

content/

lg

%

Thickness
*lµm

1.0

0

42.8

0.64

1.0

0.1

41.7

0.64

1.0

0.1

42.1

2.5

1.0

0.39

148.6

2.5

1.0

0.39

85.7

4.5

1.0

0.70

35.3

4.5

1.0

0.70

55

40.0

39.36

PE-

6.4

3.0

1.0

82.1

6.4

3.0

1.0

38.4

6.4

1.0

1.0

61.8

33.6

6.4

1.0

1.0

47.5

33.6**

6.4

1.0

1.0

45.7

*: the average value;
**: MTPS, obtained by blending 99phr TPS with l.Ophr maleic anhydride, then extruding
in the twin-screw extruder.
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Table 4.1 also shows the content of PHGH in the antimicrobial PBAT films. The contents
of PHGH were l.Owt%, 0. 7wt%, 0.39wt%, and 0.1 wt%. The different levels of PHGH
samples were further divided into two groups: (1) with total 40wt% of TPS and various
amounts of ATPS, marked as P6oT40-xATxPB01 (P: PBAT, T: TPS, AT: ATPS) and (2)
with various amounts of ATPS only, marked as P100-xATxPB01. The sample without PHGH
was used as the control sample.

4.3.2 Mechanical properties of antimicrobial PBAT films
Figure 4.3 and Figure 4.4 show the mechanical properties of the antimicrobial PBAT
films versus A TPS content. All the pellets with 40wt% of TPS or less could be blown
into films with processibility. PE-MAH as the coupling agent did not show better
physical properties (samples el and e2, data not shown) than PBO. Therefore, the
following discussion mainly focused on the recipes using PBO as the coupling agent.
PHGH (wt%)
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Figure 4.3 Mechanical properties of the antimicrobial PBAT films (P6oT40-xATxPB01
series) versus A TPS contents
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Figure 4.4 Mechanical properties of the antimicrobial PBA T films (P 100-xATxPB01
series) versus A TPS contents

Figure 4.5 SEM images of cross section of antimicrobial PBAT films:
with ATPS only (left) and with both ATPS and TPS (right)
The addition of 33.6wt% to 40.0wt% TPS substantially decreased the tensile strength of
samples, such as sample P99_36AT0.64PB01, from 39.6MPa (in Figure 4.4) to 23.5MPa (in
Figure 4.3 , sample P6oT39.36ATo.64PB01), while there were no significant difference
regarding the elongation at break.
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Figure 4.3 shows that under the total 40wt% ofTPS and ATPS, when the weight of ATPS
gradually increased from 0.64wt% to 6.4wt%, the tensile strength and the elongation at
break were almost at the same level. However, when only using ATPS, ranging from
0.64wt% to 6.4wt%, as shown in Figure 4.4, the tensile strength decreased monotonically,
though the elongation at break was at the same level. This phenomenon was probably due
to the incompatibility between PBAT and TPS/ATPS (shown in the SEM images, Figure
4.5, TPS/ATPS dispersed as particles in the PBAT matrix). TPS/ATPS resulted in the
substantial decrease of the tensile strength even when TPS/A TPS was at a low dosage
(below 6.4wt%). Overall, the tensile strength of the antimicrobial PBAT films would be
around 24.0MPa or above for most recipes, which indicates that the film product has a
great potential in a number of applications.

4.3.3 Antimicrobial activities of antimicrobial PBAT films
The antimicrobial test results using two types of methods are listed in Table 4.2. The
growth inhibition against E. Coli of antimicrobial PBAT films were all over 99. 99% using
the shaking flask method, demonstrating the excellent antimicrobial properties, even at the
low content of PHGH (O.lwt% based on film weight). In the ring diffusion method, the
antimicrobial PBAT films were placed on the agar plates, and the results are shown in
Figure 4.6. It was found that there was no bacterial growth underneath the films in all
samples, suggesting that PHGH was well bonded with the PBAT matrix. Also, there was
no leaching of PHGH observed within 24hrs, and the antimicrobial films deactivated
bacteria by contact.
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Table 4.2 Antimicrobial properties of antimicrobial PBAT films
Samples

a

bl

b2

cl

c2

dl

d2

el

e2

e3

e4

o

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

Growth
Inhibition*

(%)
Inhibition
Zone
Bacteria
growth
underneath
the film

*: Shaking flask method, 1hr
Two samples (e3 and e4) were selected to evaluate the durability against water immersion
and washing. The samples were immersed for 2-3hrs in deionized water, then rinsed. The
process was repeated over 72hrs. The growth inhibition of samples against E. Coli that
were tested using shaking flask method were still remaining over 99. 99%, showing that the
obtained antimicrobial PBAT films have good durability against water washing.
Furthermore, the antimicrobial properties were examined with shorter contact durations
using the shaking flask method. The results are presented in Figure 4.7. With the contact
time extended, the growth inhibition increased. The antimicrobial capability of the samples
depended on the contact between PBAT films and bacteria. Only when bacteria had contact
with or were absorbed by films, the interaction between the outer layer of bacteria
(membrane in particular) and the antimicrobial film would occur, which resulted in the

117

disruption of the cell membrane and the death of the cell [18, 36]. Therefore, the contact
time is an essential parameter to the antimicrobial properties.

Figure 4.6 Photos of different antimicrobial PBAT films against E. Coli tested using
ring diffusion method (no inhibition zones were observed)
In addition, the high content of TPS also decreased the duration which was needed to
deactivate the bacteria. For samples bl and b2, which contained 0.1 wt% of PHGH, the
contact time to reach 99.99% growth inhibition was the same, i.e., 20min. However, with
lOmin of contact time, the antimicrobial activity of bl was 99.8%, much higher than that
ofb2 (0%). Similarly, the contact times to reach 99.99% of deactivation for the two samples
containing 0.39wt% of PHGH were lmin for cl and 5min for c2, respectively. The best
antimicrobial activity was achieved by sample e3 with 1.0wto/o of PHGH, which
deactivated 99.99% of E. coli within 15s. Obviously, the increase of PHGH content was
able to reduce the contact time, which shortened the duration for antimicrobial activity to
take effect.
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Figure 4. 7 Rapid and highly efficient antimicrobial properties of the antimicrobial
PBAT films
The prompt deactivation of bacteria is of great importance in a number of applications,
such as medical device. The biodegradability of the antimicrobial PBA T films will be
discussed in the next chapter.

4.4 Conclusions
The non-leaching antimicrobial biodegradable PBAT films were successfully prepared
through a facile and novel approach. The non-leaching property of PHGH was confirmed
by water washing and the ring diffusion test. The excellent antimicrobial property against
E. Coli was obtained even at a very low dosage of PHGH (0.1 wt%). The rapid antimicrobial

activity (within 15s) is quite suitable to produce the antimicrobial PBAT fabrics to be used
in the prevention of infection and contamination.
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CHAPTER 5 Soil burial biodegradation of antimicrobial biodegradable
PBAT films
ABSTRACT

Biodegradable polymers have been broadly used in various applications, including
antimicrobial biodegradable composite materials. However, the biodegradability of such
polymers in the presence of antimicrobial agents has barely been investigated. Moreover,
whether the antimicrobial property of the material would be compromised or affected by
the microorganisms in the soil is still unclear. In this work, the biodegradation behavior
and antimicrobial property of the novel antimicrobial biodegradable poly(butylene adipateco-terephthalate) (PBAT)/thermoplastic starch films before and after a three-month soil
burial test have been investigated. The weight retention data showed that both PBAT and
starch were still able to degrade in the presence of the antimicrobial substance,
polyhexamethylene guanidine hydrochloride (PHGH), though the biodegradation rate was
retarded. The antimicrobial films exhibited excellent growth inhibition against E. Coli
before the biodegradation test. The film with the coupling agent 2,2'-(1,3-phenylene)bis(2-oxazoline) (PBO) and less starch content even presented growth inhibition over 99%
after the three-month biodegradation test due to better PHGH retention. The semicrystalline PBAT did not show significant crystal structure change in the DSC and W AXD
analysis. The carbonyl index (Cl) was introduced in FT-IR analysis to further confirm the
biodegradation of PBAT. Both SEM images and mechanical properties demonstrated the
biodegradation of the films from the macro-scale.
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5.1 Introduction

As one of the most popular materials, plastic has been widely used in various applications,
such as packaging and mulching films, but it also generates negative effects with regard to
its waste [ 1]. In order to minimize the environmental problems, researchers have developed
a series of biodegradable polymers which would ultimately convert into carbon dioxide,
water or other small molecules by the open environment and microorganisms: poly(lactic
acid) (PLA) [2, 3], polyhydroxyalkanoates (PHAs) [4, 5], poly(s-caprolactone) (PCL) [6,
7], poly(butylene succinate) (PBS) [8, 9], poly(butylene succinate-co-butylene adipate)
(PBSA) [10, 11] and poly(butylene adipate-co-terephthalate) (PBAT) [12, 13]. Among all
of the biodegradable plastics mentioned above, the aliphatic-aromatic polyester PBAT has
attracted great attention due to the similar processing conditions and mechanical properties
compared to the low density polyethylene (LOPE) [14]. As a linear random copolyester,
PBAT is synthesized from 1,4 butanediol, adipic acid and terephthalic acid and fully
complies with the compostable plastic specification of ASTM D6400 [15]. However, like
all the other biodegradable plastics, the high cost has hindered the further application of
PBAT. Therefore, a number of PBAT based composites have been developed either to
produce value added materials or to lower the general product cost [16-20]. Among all of
the novel applications, the most promising one is to prepare the antimicrobial
biodegradable PBAT by introducing different types of antimicrobial agents. Although
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certain antimicrobial PBAT products have shown good bacterial killing efficiency, the
unusual antimicrobial agents and the complicated preparation steps still remain the
products in the lab-scale [21-24].
The common cationic polymers, especially the guanidine based cationic polymers have
presented excellent growth inhibition against bacteria [25], fungus [26] and virus [27]. As
one of the most representative guanidine polymers, polyhexamethylene guanidine
hydrochloride (PHGH) has exhibited great potential in the development of covalently
bounded permanent sterile-surface materials through the terminal amine groups as well as
the facile preparation procedures. More importantly, bacteria can rarely develop drug
resistance due to the unique physical action of guanidine polymers [28]. By compounding
PHGH with PBAT, the antimicrobial biodegradable PBAT material can be readily
prepared.
Besides the antimicrobial property, the biodegradability of the material is still a major
concern. The biodegradation mechanism of the aliphatic-aromatic polyester is usually
considered in both enzymatic and hydrolytic ways, of which the former is dominant when
the polyester is buried in compost [29, 30]. The primary cleavage in the main chain of the
polyester takes place in the presence of the specific enzymes that are excreted by
microorganisms such as bacteria or fungi, and the residual fragments will be further utilized
by microorganisms as energy sources [31-35]. Kijchavengkul et al., [36, 37] found that the
amorphous regions within PBAT are more susceptible than the crystalline regions, while
the microbial activities starts later than the hydrolysis in soil burial test. Wu [38-40] studied
the biodegradation behavior of PBAT composites in different mediums and found that the
biodegradation rate of the composite is faster than that of the neat PBAT. However, the
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biodegradability of PBAT in the presence of antimicrobial agents, especially the guanidine
based polymers, has barely been investigated. Moreover, whether the antimicrobial
property of the material will be compromised or affected by the microorganisms in the soil
is still unclear. A well justified examination regarding the biodegradation behavior and the
likely change of the antimicrobial property of the antimicrobial PBAT material under real
soil burial conditions appears to be necessary.
The objective of this chapter is to a perform soil burial biodegradation test with the
prepared guanidine based antimicrobial PBAT composite film in order to investigate the
biodegradation behavior of the material as well as the antimicrobial property before and
after soil burial. The thermal properties, mechanical properties, and morphology before and
after the soil burial test have also been studied.

5.2 Experimental

5.2.1 Materials

Poly(butylene adipate-co-butylene terephthalate), (PBAT, product of BASF, trade name:
Ecoflex FBX 7011, chemical structure is indicated in Figure 5.la) and potato starch (food
grade) were provided by Al Pack Company (Moncton, New Brunswick, Canada).
Hexamethylene diamine, guanidine hydrochloride and glycerol were purchased from
Sigma-Aldrich without any further purification. 2,2' -(1,3-phenylene)-bis(2-oxazoline)
(PBO) was purchased from TCI America (Figure 5.lb).
Polyhexamethylene guanidine hydrochloride (PHGH) with the number-average molecular
weight 720Da (tested by ESI-TOF-MS) was synthesized according to the procedures
described [41], and its structure is shown in Figure 5.lc.
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(a) PBAT

(c) PHGH

(b) PBO

Figure 5.1 Chemical structures of (a) PBAT, (b) PBO and (c) PHGH
Luria Bertani (LB) broth, LB agar and phosphate buffered saline (PBS, pH=7.4) were used
for the cultivation of bacteria. Deionized water was used in all the experiments.
5.2.2 Preparation of thermoplastic starch (TPS), anti-microbial thermoplastic starch
(ATPS), PBAT composite film and antimicrobial PBAT film
The plasticization of starch was conducted in a ZSK 18 MEGAlab twin-screw extruder
(screw outer diameter: 18mm, ratio oflength to diameter: 40:1, Coperion, Ramsey, USA).
Potato starch, glycerol and deionized water were homogenized and extruded for the TPS
pellets. The production of ATPS pellets was almost the same as that of TPS. The difference
was the use of PHGH aqueous solution instead of water. The temperature profile used was
set as 85/l 10/135/155/170/160/150°C from the feed throat to die, with the melt temperature
of 165°C. The screw speed was set at 150rpm.
The preparation of PBAT composites and antimicrobial PBAT pellets was to mix PBAT
pellets with previously obtained TPS/ATPS pellets and other additives. Then the mixtures
were extruded using a twin-screw extruder to produce the PBAT composites pellets or the
antimicrobial PBAT pellets. The temperature profile was 90/125/150/l 75/180/175/170°C
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from the feed throat to die, with the melt temperature of 175°C. The screw speed was set
at 180rpm. The recipes are shown in Table 5.1.
Table 5 .1 The recipes of soil burial biodegradation test
TPS/g

ATPS/g

PBO/g

PHGH content (wt%)

Entries

PBAT/g

PAI

93.6

6.4

PA2

93.6

6.4

1.0

0.99

PA3

60.0

6.4

1.0

0.99

PBAT

100.0

P2

80.0

20.0

P4

60.0

40.0

33.6

1.00

Generally, all of the samples, except the pure PBAT, contain certain amount of starch (both
TPS and ATPS are regarded as different types of starch).
The films were produced using a Saturn Laboratory Blown Film Extrusion System (Future
Design Inc., Mississauga, Canada). The single screw outer diameter and the ratio of length
to diameter of extrusion system are 25mm and 30: 1, respectively. The die diameter of the
film blown system is 6.3cm with the gap of 1mm. The temperature profile used was
160/l 70/180/185/175/160°C from feed throat to die, with the melt temperature of 180°C.
The screw speed was set at 25rpm, while the melt pressure was 2500-2750psi and the nip
drive was set at 1.5m/min. The thickness of the resultant films is 30-55µm.
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5.2.3 Soil burial test methods
Biodegradation studies under real soil burial conditions were carried out within the campus
of the University of New Brunswick, Fredericton, Canada. The geographic parameters of
the local test site are: latitude 45°56'43"N, longitude 66°38'18"W and the altitude is 21m.
The soil biodegradation tests lasted for three months (2013-July-31 to 2013-0ct-31 ,
93days). The ambient temperature (maximum, minimum, average) and total precipitation
during the tests were acquired from Environment Canada.
The film samples were cut into 10cmx20cm pieces (approximately, l-2g) and placed on
wood frames. All the samples were buried 0.15-0.40m under the soil.

Figure 5.2 The prepared film samples (left), dumbbell samples (middle) and
biodegradation test site (right)
At the end of each month (2013-Aug-31 , 2013-Sep-30, 2013-0ct-31), one frame for each
sample was retrieved and the corresponding film samples were cleaned and dried at room
temperature before characterizations.
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The film weight before and after soil biodegradation test was recorded accordingly.
The film weight retention is calculated using equation (5.1).
(5.1)

RIF(mlmo) xl00%

where RF is the film weight retention after the soil biodegradation test, while m is the film
weight after the test and mo is the original film weight.
Except the unmodified PBAT, the rest of the film samples all contain either TPS or A TPS
or both. Once the weight retention of unmodified PBAT is known, the weight retention of
TPS and/or ATPS could then be calculated using equation (5.2).
(5.2)

Rs= (RF-RPBArxCPBAT)l(l-CPBAT) x 100%

where Rs is the starch (TPS or A TPS or TPS plus A TPS) weight retention in the film
sample after the soil biodegradation test; RF is the corresponding film weight retention;
RPBAris the weight retention of unmodified PBAT; and CPsAris the content of PBAT in

the corresponding film sample.

5.2.4 Antimicrobial property tests
The shaking flask method was performed to quantify the antibacterial properties of the film
samples before and after the soil burial test. Escherichia. Coli (E. Coli, ATCC 11229) was
chosen as the representative bacteria. The procedure was as follows: 0.1 Og film scraps and
5mL bacterial culture (10 5 CFU/mL) were mixed and shaken at 200rpm and 37°C in an
incubator for a certain duration, for instance, 1hr. After shaking, a series of the dilutions
(10-1, 10-2, 10-3 and 104 ) were prepared by successively adding 0.5mL culture into 4.5mL
PBS solution. Then O. lmL of the culture was seeded on an agar plate. The plates were kept
in an incubator at 3 7°C for 24hrs. The number of the colonies was counted and the process
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was repeated three times to have an average colony count for each sample. The inhibition
of the cell growth was calculated based on the following equation (5.3):
Growth inhibition of cell(%)= (A-B)/Axl00%

(5.3)

where A and B are the number of the colonies counted from the control and the
corresponding film sample, respectively.

5.2.5 Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was performed using a thermogravimetric analyzer
(model SDT Q600, TA instruments, USA). A sample of approximately 10mg was heated
from room temperature to 650°C at 20°C/min under nitrogen atmosphere. Both
thermogravimetric (TG) and differential thermogravimetric (DTG) thermograms were
recorded.

5.2.6 Differential scanning calorimetry
A differential scanning calorimetry (DSC) (model DSC Q20, TA instruments, USA) was
used to determine the melting behavior and crystallinity of the film samples before and
after the soil burial test. A set of heating/cooling/heating ramps was carried out following
a three-step procedure. A sample of approximately 10mg was first heated from room
temperature to l 90°C at 10°C/min and held in the melting state for 2min to erase the thermal
history. Then, a subsequent cooling was performed from 190°C to 0°C at 10°C/min. In the
second heating run, the sample was heated from 0°C to 190°C at 10°C/min again to
investigate the melting behavior and to measure the crystallinity of PBAT. The DSC cell
was constantly purged with nitrogen at a flow rate of 50mL/min. The relative crystallinity

(Xe) was calculated by equation (5.4)
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Xc=AHm/(/xAJf m)x 100%

(5.4)

where AHm is the melting enthalpy detected in the experiment, while /is the weight fraction
of PBAT in the blend, and Alfm represents the perfect enthalpy of 100 % crystalline PBAT,
which is calculated as 1141/g [42].

5.2. 7 Wide angle X-ray diffraction
Wide angle X-ray diffraction (WAXD) was performed on XRD-6000 instrument
(Shimadzu, Japan) using a nickel-filtered Cu-Ka source. It was operated at a voltage of
40kV and a filament current of 30mA. The scan was set from 10° to 50° at a velocity of
5°/min.

5.2.8 FT-IR spectroscopy
Fourier transform infrared spectroscopy (FT-IR) spectra were scanned by the attenuated
total reflection mode on Nicolet IS5 (Thermo Fisher, USA). Spectra were scanned 32 times
with a resolution of 4cm- 1 from 4000 to 650cm- 1•

5.2.9 Scanning electron microscopy
A scanning electron microscope (SEM) (Model JSM6400, JEOL, USA) was used to
examine the surface morphologies before and after the soil burial test. The top surfaces of
the samples were coated with a thin layer of carbon. An accelerated voltage of 1OKV and
a vacuum pressure of approximately 1o-6 Pa were used as the operation conditions.

5.2.10 Mechanical properties
The mechanical properties were measured using a universal testing machine (lnstron
Model 4465, Norwood, USA) at room temperature (23°C). The tensile strength and
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elongation at break were recorded in the machine direction (MD) with a cross head speed
of 500mm/min according to ASTM D882. At least ten dumbbell shaped samples
( 115. 0mm x 6. 0mm) were tested for each film, and the average thickness was recorded using
a micrometer caliper prior to the test.

5.2.11 Weather data
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Figure 5.3 The ambient temperatures and precipitation from 2013-Jul-31 to 2013-0ct31
Weather data of the test site from 2013-July-31 to 2013-0ct-31 is shown in Figure 5.3. The
average temperatures for August, September and October were 18.3, 14.4 and 8.8 degree
Celsius, while the total precipitation were 101.0, 135.1 and 68.1mm, respectively.

5.3 Results and discussion
5.3.1 Film and starch weight retention before and after biodegradation test
From the weight retention data in Table 5 .2, all of the samples have lost a certain amount
of weight after the soil biodegradation test. For instance, after the first month, the pure
PBAT film sample kept the original weight of 98. 7%, while the RF of P2 and P4, which
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contained 20.0wto/o and 40.0wto/o TPS, were 93.2% and 73.7% of the original weight,
respectively. However, the Rs of P4 was only 36.2% after the first month, which was just
over half of the value compared to that of P2, 71.2%.
Table 5.2 Film and starch (TPS and/or ATPS) weight retention after soil burial

Rs (wt%)

RF (wt%)
Entries
1 month

2 months

3 months

1 month

2 months

3 months

PAI

97.3±0.1

96.5±1.5

95.1±0.3

77.8±0.9

58.3±3.9

58.1±3.8

PA2

96.5±0.1

94.6±0.1

94.8±0.4

80.0±0.8

59.6±2.1

67.3±5.6

PA3

88.3±0.1

82.2±2.7

79.6±0.1

72.8±0.1

58.5±6.6

52.4±0.1

PBAT

98.7±0.1

98.0±0.1

97.7±0.5

I

I

I

P2

93.2±0.4

90.7±0.1

88.0±1.0

71.2±2.2

61.7±0.6

49.5±4.9

P4

73.7±0.4

68.1±0.9

65.9±0.3

36.2±1.0

23.4±2.3

18.4±0.8

PA3
P2

-+-- P4
1

2

3

Duration (months)

Figure 5 .4 Film and starch (TPS and/or ATPS) weight retention after soil burial
In the PBAT/starch compounding system, starch (TPS and ATPS) was exhibited as the
dispersed phase (less than 40.0wto/o), while PBAT was the continuous phase. When the
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content of starch was increasing, there would be more TPS and/or A TPS presented on the
film surfaces, which generated more opportunities for starch to have contact with
microorganisms. Obviously, as a naturally occurring polysaccharide, starch can be easily
used as an energy source by various microorganisms, which suggested that the
biodegradation rate of starch (the major component of both TPS and ATPS) would be faster
than that of the synthetic biodegradable polyester, PBAT. Under certain circumstances, the
incorporation of starch was even able to facilitate the biodegradation of synthetic polymers
[43]. So the samples with different starch content showed different RF and Rs due to
microbial activates. After the second and third month, the biodegradation rate of most film
samples decreased, showing non-linear RF and Rs changes as there was less starch exposed
directly to the microorganisms in the soil. The weight loss of pure PBAT in this work was
less than 3wt% in the three-month test, which was smaller than certain reported values
within the same duration [12, 44, 45]. Those reported biodegradation tests or standards
were usually carried out at elevated temperatures in controlled composting conditions, such
as the setup mentioned in ASTM D5338, which was specified at 58°C. However, plastics
were more likely used and disposed in mesophilic conditions rather than in compost at
relatively high temperatures [46]. It was of great importance to study the biodegradation
behaviors of biodegradable materials in ambient temperatures. Tan [4 7] indicated that
although the biodegradation process of PBAT was significantly slower at ambient
temperatures than in a compost environment, it seemed PBAT would eventually degrade
given a sufficiently long period of exposure to microorganisms. The average ambient
temperature in this work was between 5-20°C, which would explain the lessened weight
loss of pure PBAT.
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It can also be concluded that the weight loss of the starch (TPS and/or ATPS) within the

film samples may be attributed to the biodegradation of starch, not just the erosion,
weathering or leaching of starch. For instance, if the weight loss of starch only came from
the erosion, weathering or leaching effect, PA3 and P4, which incorporated almost the
same amount of starch (39.6wt% and 40.0wt%, respectively), should have kept very close

Rs under the same experimental conditions. But clearly, both Rs and RF of PA3 were much
larger than those of P4 during the entire biodegradation test, suggesting that the weight loss
of starch cannot only result from erosion, weathering or leaching. The biodegradation of
starch contributed to the major part of weight loss. The higher Rs of PA3 compared to P4
also implied that the antimicrobial component PHGH was able to retard the biodegradation
rate of starch, though it cannot prevent the biodegradation from happening, as the Rs was
continuously decreasing during the three-month test.
Furthermore, the existence of the antimicrobial component will not prevent the matrix of
the film, PBAT, from biodegradation as well. For instance, if the polyester PBAT within
PA 1 did not biodegrade and all of the weight loss was ascribed to the biodegradation of
ATPS rather than both PBAT and ATPS, the Rs of PA 1 after the first month would be
57.8% instead of 77.8%, which was even less than the Rs of P2, 71.2%. But as previously
indicated, a sample with higher starch content would have less Rs after the biodegradation
test, suggesting that the Rs of P2 containing 20.0wt% starch cannot exceed the Rs of PAl
containing 6.4wt% starch. Therefore, PBAT was still able to biodegrade even in the
presence of the antimicrobial component, PHGH.
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In general, the weight loss of the film samples (PBAT/TPS, PBAT/ATPS) may be
attributed to the biodegradation of both the starch (ATPS, TPS) and the polyester (PBAT),
but the starch played the major role.
5.3.2 Antimicrobial properties of films before and after biodegradation test

Table 5.3 and Table 5.4 reveal the antimicrobial properties of the films against E.Coli
before and after the soil burial test.
Table 5.3 The antimicrobial properties of the film before soil burial (unit: %)
Entries

15 s

30 s

1 min

3 min

5 min

10 min

20 min

1 hr

PAI

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

PA2

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

>99.99

PA3

11.43

69.29

97.86

>99.99

>99.99

>99.99

>99.99

>99.99

CPO*

0

0

0

0

0

0

0

0

*The recipe of CPO was PBAT/TPS/PB0=60.0/40.0/1.0
The shaking duration before the soil burial test were chosen from 15s to 1hr in order to
understand the comprehensive antimicrobial properties of the films. Apparently all three
samples exhibited excellent performance, especially PAI and PA2, which were highly
effective as they both could reach over 99.99% growth inhibition within only 15 seconds.
The rapid bacteria killing efficiency was mainly attributed to PHGH, which was a broadspectrum antimicrobial substance with a typical minimum inhibitory concentration (MIC)
of 4-16ppm [25]. The positively charged PHGH was highly affinitive to the negatively
charged cell walls and membranes of bacteria, such as E. Coli [48]. The contact of bacteria
to PHGH would firstly result in damages to membranes, then the leaking of cytoplasm and
139

the death of bacteria. By compounding with PBAT and starch, PHGH was distributed
through the matrix of the film. Once bacteria had contact with PHGH on the surface of the
film, they would be killed instantly. The more PHGH was evenly distributed and located
on the surface of the film, the better the bacteria growth inhibition of the antimicrobial film.
Moreover, another advantage of incorporating PHGH into the matrix of the film rather than
applying a thin coating layer on the surface was that the antimicrobial property would last
through the lifetime of the product upon regular usage [49].

Figure 5.5 Antimicrobial test results of 15s shaking before biodegradation test
The sample containing PBO but without any PHGH (CPO) did not present any growth
inhibition, suggesting that PBO had no ability of killing E. Coli. As a general coupling
agent, the oxazoline groups on PBO were able to react with both the amino groups on
PHGH and the end carboxyl groups on PBAT[50].
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Figure 5.6 The reaction between PBO, PBAT and PHGH
The potential side reactions would be the cross-linking of PHGH and the increasing of the
molecular weight of PBAT. By grafting PHGH onto the main chain of PBAT, the retention
of PHGH might be further improved, which would be reflected in longer and better
antimicrobial properties. However, the hydrophilic starch was not fully compatible with
the hydrophobic polyester, PBAT [51]. As TPS was added into PA3, the dispersion of
PHGH among the surface of the film might be interfered with the other two components,
which could explain the less productive growth inhibition of PA3 when the shaking time
was 15s, 30s and lmin. But with more starch content, especially the addition of TPS, the
general cost of the antimicrobial film was well controlled and the biodegradability of the
film could be enhanced.
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Table 5.4 The antimicrobial properties of the film after soil burial
(1hr shaking, unit: %)
Entries

0 month

1 month

2 months

3 months

PAI

>99.99

>99.99

0

0

PA2

>99.99

>99.99

>99.99

99.93

PA3

>99.99

36.64

0

0

Figure 5.7 Antimicrobial test results of 1hr shaking after 3 months biodegradation test
After the biodegradation test, the shaking time of the antimicrobial test has been fixed at
1hr. From Table 4, PAI and PA2 still exhibited excellent antimicrobial properties after the
first month, but PA3 dropped to 36.64%. However, among the next two months, only
P A2 ' s growth inhibition remained over 99%, while the other two samples did not show
any antimicrobial properties. As previously discussed, the presence of the coupling agent,
PBO, might be the key for PA2 to keep the best growth inhibition. Despite the fact that
both PAI and PA2 contained almost the same amount of PHGH, the better PHGH retention
rendered P A2 the longest lasting antimicrobial property. Although P A3 held the same
amount of PBO as PA2, the dispersion of PHGH within PA3 would not be the same as
PA2 due to the addition of TPS . Besides the poorly dispersed PHGH, the higher amount of
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TPS made the film itself more vulnerable to different microorganisms and insects in the
soil. So the antimicrobial component along with TPS in PA3 would be consumed faster
compared to PA 1 and PA2, which was presented as the inferior growth inhibition and less
film/starch weight retention during the three-month biodegradation test.

5.3.3 Thermogravimetric analysis

The thermal stability was assessed by thermogravimetric analysis in Figure 5.8. Due to the
existence of starch (TPS/ATPS), the TG thermograms formed a two-stage weight loss
pattern (except pure PBAT), in which the first one was mainly attributed to starch and the
second one resulted from PBAT. The thermal decomposition of starch started from 2502600C, while PBAT was after 300°C. The addition of starch (TPS/ATPS) did not change
the decomposition temperature of PBAT. The maximum decomposition rate of PBAT was
reached at around 416°C for all of the film samples. Since PHGH was able to retard the
degradation of the film, the TG traces of PA3 after soil burial were much closer to each
other than to those of P4. A similar trend can also be found from the TG traces of PAI and
PA2. In the DTG thermograms, although the decomposition peak temperatures of PBAT
for all of the samples were around 416°C, there were differences among the first peak
temperatures, which were assigned to the presence of starch.
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Figure 5.8 TG and DTG thermograms of the film samples before and after soil burial
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Table 5.5 Summary of the first DTG peak (starch) temperatures (°C)
Entries

0 month

1 month

2 months

3 months

PAI

265.3

288.1

291.0

299.1

PA2

284.8

292.8

296.1

293.8

PA3

283.2

316.5

317.4

321.1

PBAT

333.6

333.4

330.2

330.1

P2

308.5

317.6

318.0

315.9

P4

312.1

320.1

326.5

328.2

Due to the fact that the thermal decomposition of PHGH within ATPS usually took place
from 250°C [25], the first decomposition peak temperature of PA 1 before the
biodegradation test (0 month) was relatively low, at 265.3°C. The coupling agent PBO that
was added into PA2 and PA3 was able to react with the amino groups on PHGH and the
end carboxyl groups on PBAT to generate amide linkages. However, the introduced amide
linkages were less thermally stable than the ester linkages [52] but were superior to the
bare PHGH, so the first decomposition peak temperatures of PA2 and PA3 before the
biodegradation test (0 month) were higher (284.8 and 283.2°C, respectively) than that of
PAI (265.3°C). As there were neither PHGH nor PBO within P2 and P4, the starch
decomposition peak temperatures of P2 and P4 before the biodegradation test (0 month,
308.5 and 312.1 °C, respectively) were higher than those of the antimicrobial samples.
During the biodegradation test, A TPS along with certain less stable groups were gradually
consumed by the microorganisms in the soil, which eventually resulted in the shift of the
first peak temperatures to a higher range. Moreover, there was TPS within PA3 besides
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ATPS, which could explain why the first peak temperatures of PA3 (above 310°C) during
the entire biodegradation test were always higher than those of PA 1 and PA2 (below
300°c).

5.3.4 DSC analysis
Both the DSC melting traces (see Figure 5.9) and data (see Table 5.6) have shown that the
peak melting temperature T,,f of all film samples have increased after the biodegradation
test, while ~Tbecame narrower. As a statistically random copolyester, PBAT is composed
of the rigid butylene terephthalate (BT) units and the soft butylene adipate (BA) units [53].
Due to a comparable cohesive energy and a similar main-chain conformation between BT
and BA units, the two sections were able to share a common crystal lattice by adjusting the
soft BA units into the rigid BT crystal lattice to form a co-crystallization or a mixedcrystallization structure [54]. The replacement of a rigid aromatic section by a soft aliphatic
unit would result in crystalline disorder, which was exhibited as a relatively lower
crystallinity and melting point compared to polybutylene terephthalate (PBT) [55].
Kijchavengkul et al., [45] investigated the biodegradation behavior of PBAT mulch films
under solar radiation and found that the T,,f of PBAT films decreased and became broader,
which indicated that the cross-linked structure generated from the Norrish I
photodegradation reaction disrupted the melting process. However, the contrary results in
this work indicated that the formation of the cross-linked structure hardly happened under
the current soil burial condition.
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Figure 5.9 DSC melting traces of the film samples before (left) and after (right) soil
burial
The amorphous regions in a semi-crystalline biodegradable polyester were usually more
susceptible to microorganisms and enzymes than the crystalline regions. The less compact
structures would eventually facilitate the biodegradation and hydrolysis of the amorphous
regions prior to the crystalline regions [56-58]. The amorphous regions within PBAT were
mainly formed by the aliphatic BA units, which were more vulnerable than the major
components of the crystalline regions, aromatic BT units. When BT sections in the
disordered mixed-crystallization structure had less resistance after the biodegradation and
hydrolysis took place in the BA sections, BT sections might tend to generate a less deficient
crystalline structure, which was reflected as the raised T,,f and narrower 11T [59].
Moreover, the increased 11Hm and Xe in all of the film samples also indicated that the
amorphous regions were degraded first, and then a better crystalline structure with less
defects has generated [3 7].
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Table 5.6 DSC melting results of the film samples before and after soil burial

PAI

PA2

PA3

PBAT

P2

P4

(J/g)

Ton (°C)

T1(°C)

11T (°C)

Trrf (°C)

0 month

89.3

136.1

46.8

121.6

10.59

9.92

3 months

94.4

138.5

44.1

124.0

11.05

10.35

0 month

89.5

135.4

45.9

121.7

10.46

9.89

3 months

95.7

139.9

44.2

123.3

11.46

10.84

0 month

89.4

136.2

46.8

120.5

6.50

9.51

3 months

98.4

142.0

43.6

124.6

8.58

12.55

0 month

92.8

135.7

42.9

122.1

9.45

8.29

3 months

97.5

138.1

40.6

125.4

10.41

9.13

0 month

89.9

133.8

43.9

120.5

9.84

9.59

3 months

97.9

139.6

41.7

125.6

10.16

9.90

0 month

89.6

136.4

46.8

121.3

6.61

9.67

3 months

93.4

137.5

44.1

122.7

7.98

11.66

Entries

Aflm

Xe(%)

Ton: onset melting temperature; Tr. final melting temperature; !1T=T1-Ton; T,,f: peak
melting temperature; Aflm: enthalpy of fusion; Xe: crystallinity.

5.3.5 W AXD analysis

The diffraction peaks along with the lattice distances as well as the WAXD patterns of the
film samples before and after the biodegradation test are shown in Table 5.7 and Figure
5.10.
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Table 5.7 Diffraction peaks and lattice distances of PBAT
Entries

PAl

PA2

PA3

PBAT

P2

P4

Crystal

d-Value (A)

2 Theta (degree)

Plane

0 month

3 months

0 month

3 months

(OTl)

16.3

16.2

5.4

5.5

(010)

17.6

17.5

5.0

5.1

(Tl 1)

20.5

20.3

4.3

4.4

(100)

23.1

23.1

3.9

3.8

(lTl)

24.6

25.5

3.6

3.5

(OTl)

16.0

16.5

5.5

5.4

(010)

17.3

17.9

5.1

5.0

(Tl l)

20.2

20.9

4.4

4.3

(100)

22.9

23.4

3.9

3.8

(lTl)

24.5

25.1

3.6

3.5

(OTl)

16.7

16.1

5.3

5.5

(010)

17.9

17.7

5.0

5.0

(Tl l)

20.2

20.3

4.4

(100)

23.5

23.5

4.4
, 3.8

(lTl)

25.0

24.8

3.6

3.6

(OTl)

15.8

16.5

5.6

5.4

(010)

17.3

17.7

5.1

5.0

(Tl 1)

19.9

20.4

4.5

4.3

(100)

22.8

23.3

3.9

3.8

(lTl)

25.1

25.4

3.6

3.5

(OTl)

16.7

16.6

5.3

5.3

(010)

17.9

17.8

5.0

5.0

(Tl 1)

20.5

20.5

4.3

4.3

(100)

23.5

23.4

3.8

3.8

(lTl)

25.1

25.6

3.6

3.5

(OTl)

16.1

16.5

5.5

5.4

(010)

17.7

18.0

5.0

4.9

(Tl l)

20.0

20.3

4.4

4.4

(100)

23.2

23.2

3.8

3.8

(lTl)

24.7

25.6

3.6

3.5
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Figure 5 .10 WAXD patterns of the film samples before and after soil burial
The diffraction peaks of PBAT were usually at around 16°, 17°, 20° 23° and 25°,
corresponding to the crystal planes of (OTl), (010), (Tl 1), (100) and (lTl), respectively
[42, 60]. Raquez et al., [61] indicated that thermoplastic starch may have weak diffraction
peaks at about 13.2° and 20.5° due to the formation of the crystalline domains generated
by the retrogradation of the amorphous chains, but the peak at 20.5° of starch was
overlapped by the stronger and broader PBAT peaks.
Those five characteristic peaks of PBAT were observed in all of the film samples, which
suggested that there were no significant crystal structure changes due to the addition of
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starch. Also, the diffraction peak values of PBAT before and after bi ode gradation test were
very close within acceptable variations. As previously discussed in DSC analysis, the BT
units in the semi-crystalline PBAT tended to generate a less deficient crystalline structure
after the amorphous regions underwent biodegradation. However, the newly formed
crystalline structure was unable to grow into a perfect spherulite due to the hindrance from
BA units as well as due to the relatively low temperature underground. Therefore, the
resultant crystalline structures with smaller sizes eventually resulted in the broadened
diffraction patterns after the biodegradation test (3 months) in Figure 5.10 [62].
Furthermore, as the consequences of biodegradation, the thickness of the film sample
decreased and the surface of the film became irregular. These results were presented as the
diminished intensities in the WAXD patterns after soil burial (three months).
Although the smaller crystallites generated from BT units might have contributed to peak
intensities, it seemed that they were not able to compensate for the signal decay on a macroscale. The characteristic peak of starch at 13 .2° appeared to be indistinct in certain samples
after three months, such as P4, which was also in accordance with the film weight loss
result. The lattice distances of PBAT have kept almost the same values after the
biodegradation test, which further confirmed that there was not any significant crystal
structure change.

5.3.6 FT-IR analysis

The FT-IR spectra of film samples, before and after the biodegradation test, as well as
starch (TPS/ATPS) are shown in Figure 5.11. The characteristic peaks of PBAT (Figure
5.1 ld) mainly resided at 2958 and 2875cm- 1 (asymmetric stretching of CH2), 1720cm- 1
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(stretching of aromatic and aliphatic C=O), 1275cm- 1 (stretching of aromatic and aliphatic
C-0), and 73 lcm- 1 ( out-plane bending of C-H in benzene ring) [36, 63]. The two major
peaks in the spectrum ofTPS (Figure 5.1 lg) were assigned to 3550-3050cm- 1 (0-H groups)
and 1025cm- 1 (stretching of C-0).The difference between TPS and ATPS (Figure 5.1 lg)
confirmed the existence of PHGH at 1635cm-1 (bending of N-H) [64], but other
characteristic peaks at 3200-3180cm- 1 (stretching ofN-H) and 1689-1650cm- 1 (stretching
of C=N) might overlap with TPS [25]. Interestingly, the amid groups generated by PBO
with PHGH/PBAT (3403cm- 1 and 1662cm-1, corresponding to stretching ofN-H and C=O,
respectively) can barely be found in the spectra of PA2 and PA3 (Figure 5.1 lb and 5.1 lc)
[65]. The possible explanation could be due to the fact that the intensity of 0-H groups in
starch was much stronger than that of N-H in amid linkages, while C=N in amid groups
might overlap with C=O in PBAT.
The most prominent changes after the bi ode gradation test for several samples, such as PA 1
and PA2, were the adsorption peaks around 3500-3000cm- 1, which could be ascribed to the
hydroxyl (0-H) groups. During biodegradation, the chain scission from the hydrolysis of
ester linkages in PBAT may give rise to the formation of 0-H groups [36, 37]. As the
hydrolysis progressed, an increase of 0-H groups were observed in the FT-IR absorbance
spectra at around 3500-3000cm- 1• However, the broad absorption band of 0-H groups from
the hydrolysis of PBAT may be affected by the starch content and the hydrolysis of starch.
The film samples with more starch content, such as PA3 and P4 (Figure 5.1 lc and 5.1 lf),
did not show distinct changes in the 0-H absorption band, since the massive 0-H groups
that existed in starch already had strong absorption in the same region. Furthermore, the
hydrolysis of starch during biodegradation could generate 0-H groups as well.
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Figure 5.11 FT-IR spectrum of the film samples and starch (TPS/ATPS)
Instead of 0-H groups, the change of carbonyl (C=O) groups in the ester linkages of PBAT
at 1720cm- 1 could be another indication of biodegradation as the hydrolysis of ester
linkages will result in the decreasing of the intensity of the carboxyl groups. Also, the
absorption peak at 1720cm- 1 was stronger and sharper due to less interference. There has
been little research using the carbonyl index (Cl) to investigate the change of material [661
68]. In this work, CI was characterized by the ratio between the adsorption at 1720cm- and

2958cm- 1 to obtain a quantitative evaluation of biodegradation during soil burial. The
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adsorption at 2958cm- 1 was selected as an internal standard since the methylene groups
(CH2) were relatively insensitive to biodegradation. However, the signal differences from
surface factors and sample thickness cannot be eliminated completely, so CI values were
recommended for comparison within the same recipe.
Table 5.8 CI values (Amo/A29ss) of film samples before and after biodegradation test
Entries

0 month

1 month

2 months

3 months

PAl

3.95

3.20

3.01

3.36

PA2

5.88

2.85

3.13

2.82

PA3

3.72

3.58

3.49

2.73

PBAT

3.29

2.39

2.81

2.85

P2

3.80

3.71

3.65

4.18

P4

4.99

4.87

4.88

3.71

The CI before and after the biodegradation test are summarized in Table 8. Most samples
showed a decreasing tendency of CI values with certain variations during the
biodegradation test, except P2 in the last month. The decreased CI partially confirmed the
biodegradation of PBAT. Generally, as a quantitative approach, CI is more effective than
simply monitoring the changes of the 0-H groups in the characterization ofbiodegradation.

5.3. 7 SEM images
The topographic SEM images of film samples before and after the biodegradation test are
presented in Figure 5.12.
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Figure 5 .12 SEM images of film surfaces before and after soil burial
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Before the biodegradation test, all of the samples had shown rough surfaces with
aggregated starch particles in different sizes, except the pure PBAT, which had a relatively
smooth one. It was worth noting that the starch particles on the surface of PAl (Figure 12a)
were even up to 20 microns, which might be ascribed to the poor compatibility between
the hydrophilic ATPS and the hydrophobic PBAT matrix. However, the surfaces of PA2
and PA3 (Figure 12e and 12i) with the addition of PBO were better than that of PAl. After
the first month, as the consequences of microorganism activities, starch particles started to
disappear and microbe-created cavities were observed on the surfaces. There were cracks
found on most samples as well, such as PAl, PA3, and P4 (Figure 12b, 12j, and 12v,
respectively), which further proved that the biodegradation was happening. At the end of
the second month, more cavities and cracks were observed on the film surfaces. The cracks
on PAl, PA3, and P2 (Figure 12c, 12k, and 12s, respectively) had spread to the entire
corresponding SEM image, indicating a severe microbial attack. There was even filamentlike microbial residue that appeared on P4 (Figure 12w). A similar result has been reported
by Kijchavengkul [44], in which the author suggested that the networks of filament-like
biofilm were created by microorganisms to attach themselves to the film surface. After the
last month, larger and wider cracks were found on every film surface. Generally, samples
with more starch content, such as PA3 and P4, generated cavities and cracks earlier and
faster than those samples with less starch content, which demonstrated that most
microorganisms favored starch as an energy source rather than the synthetic polyester.
Moreover, PA2 with antimicrobial starch and coupling agent PBO exhibited a relatively
slower biodegradation rate, which was in accordance with the antimicrobial test results.
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5.3.8 Mechanical properties
The tensile strength and elongation at break are shown in Figure 13. The tensile strength
of pure PBAT before the biodegradation test was 44.4MPa, while the others were around
23-25MPa, except PAI, which was 15.lMPa.
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Figure 5.13 Mechanical properties of film samples before and after soil burial
As indicated in the SEM image in Figure 5.12a, the presence of large starch particles on
the film surface of PAI was the major reason for its poor strength. However, starch content
seemed to have less negative impact on tensile strength than expected, since the strength
of PA3 was even higher than that of PA2 (24.7MPa versus 24.0MPa), despite the fact that
the starch content of PA3 was over six times higher than that of PA2. After the first month,
there was a significant drop in tensile strength for all of the samples containing starch. As
discussed in SEM analysis, cavities and cracks started to show up during the first month as
the result of microorganism activity. The large amount of defects resulted in numerous of
stress concentration points, which gave rise to the deteriorated tensile strength. During the
second and the third month, the tensile strength for all of the samples containing starch
continued to drop to 2-5MPa, though, the pure PBAT was 34.0MPa eventually. Elongation
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at break exhibited a similar pattern to tensile strength. After the first month, elongation at
break had a drastic drop and remained at almost the same values in the last two months.

5.4 Conclusions
The biodegradation behavior, antimicrobial property, thermal, crystalline, as well as other
properties of the novel antimicrobial biodegradable PBAT films before and after a threemonth soil burial test have been investigated. The weight retention data proved that
although the biodegradation rate was retarded, both PBAT and starch were still
biodegradable in the presence of PHGH. The antimicrobial film PA2, with coupling agent
PBO and less TPS content, exhibited the excellent growth inhibition against E. Coli during
the entire three-month biodegradation test. The crystallinity and melting temperature of
PBAT were increased due to the biodegradation in the amorphous region. There were no
significant crystal structure changes found in DSC and WAXD analysis. The CI was
introduced to characterize the biodegradation of PBAT, though, there were certain
variations. Both SEM images and mechanical properties demonstrated the biodegradation
of the films from the macro-scale as well.
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CHAPTER 6 Conclusions and recommendations for future work
6.1 Summary of the preparation of PBAT/fPS composites in the presence of
compatibilizers and modified PBAT

In order to improve the mechanical properties of PBAT/TPS composites, two approaches
have been utilized to improve the compatibility between PBAT and TPS. In the first
approach, a series of styrene-maleic anhydride-glycidyl methacrylate (SMG) terpolymer
compatibilizers have been successfully synthesized. FT-IR and

1

H-NMR analysis

confirmed the existence of anhydride and epoxy groups in the terpolymers. Both the
synthesized SMG and commercially available Joncryl-ADR-4368 compatibilizers were
able to improve the tensile strength of PBAT/TPS composite films, though Joncryl-ADR4368 may significantly decrease the elongation at break. In the second approach, PBAT
was modified by PPGDE, PBO and Joncryl-ADR-4368 to increase the molecular weight
via reactive extrusion. GPC analysis confirmed the increase of molecular weight of the
modified M-PBAT. Also, the molecular weight distribution of M-PBAT became narrower.
Overall, the tensile strength of PBAT/M-PBAT/TPS with 40wt% of TPS could reach up to
27MPa, which is fully acceptable in a number of applications.
6.2 Summary of non-leaching antimicrobial LLDPE film

The non-leaching antimicrobial LLDPE films intended for food packaging have been
prepared through melt compounding in the presence of the compatibilizer, PE-g-MAH.
The ATPS incorporated in the antimicrobial films were highly effective against E. Coli as
the positively charged PHGH was affinitive to the negatively charged cell walls and
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membranes of bacteria. When PHGH content was increased to 0.96wt% and above, the
corresponding 1hr growth inhibition was over 99. 99% using shaking flask test, which
suggested that a high PHGH bulk content (around 1.0wt%) was essential for a better
antimicrobial activity of the prepared film products. The further investigation found that
the film with 2.87wt% PHGH was even able to deactivate E. Coli within 3min. The nonleaching effect of the film samples was accessed through ring diffusion test and no
inhibition zone was found in all samples. The thermal analysis suggested that there was not
any new crystalline form generated due to the addition of ATPS, while the existed spherulites
did not grow yet maintained the same size. The compatibilizer PE-g-MAH was able to improve
the mechanical properties, though a high content ATPS might still resulted in a poor
compatibility between LLD PE and ATPS, which has been further confirmed by rheological
analysis and SEM observation.
6.3 Summary of non-leaching antimicrobial biodegradable PBAT films

The non-leaching antimicrobial biodegradable PBAT packaging material was prepared in
the presence of ATPS and the coupling agent PBO. The results from antimicrobial test
suggested that the prepared film was able to fully deactivate E. Coli at a relatively low
dosage (O.lwt%). When the PHGH content was up to 1.0wt%, the film was even able to
deactivate E.Coli within only 15s. The water washing and ring diffusion tests further
demonstrated the non-leaching effect of the antimicrobial agent PHGH-g-starch.
6.4 Summary of soil burial biodegradation test for antimicrobial biodegradable
PBAT films

169

A three-month soil burial test has been conducted to investigate the biodegradation
behavior and antimicrobial property of the prepared antimicrobial biodegradable PBAT
films. The weight retention data indicated that both PBAT and starch (TPS/ATPS) were
still able to degrade in the presence of antimicrobial agent PHGH, yet the biodegradation
rate was retarded. The film sample containing 0.99wt% PHGH and lphr coupling agent
PBO still presented growth inhibition against E. Coli over 99% after the three-month
biodegradation test due to better PHGH retention. The addition of starch (TPS/ATPS) did
not change the decomposition temperature of PBAT. The maximum decomposition rate of
PBAT was around 4 l 6°C for all of the film samples. The semi-crystalline PBAT did not
show any significant crystal structure change in the DSC and WAXD analysis. The
carbonyl index (CI) used in the FT-IR analysis further confirmed the biodegradation of
PBAT. Both SEM images and mechanical properties of the films also demonstrated the
biodegradation from macro-scale.
6.5 Recommendations for future work

From the conclusions mentioned above, there are several aspects are suggested for the
future work.
In the preparation of PBAT/TPS composites, the current feeding procedure is to mix the
synthesized compatibilizer SMG with PBAT and TPS before the compounding process.
However, the highly reactive anhydride and epoxy groups in SMG are very likely to
generate cross-linking structures even prior to the compounding process due to the high
temperature in the convey section of the twin-screw extruder. The compatibility between
PBAT and TPS might be compromised due to the unnecessary loss of SMG. A second
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feeder with cooling system located right before the compounding section of the twin-screw
extruder may reduce the potential side-reaction of SMG and further improve the blending
of PBAT/TPS composites.
In addition, the results have shown that the modified PBAT was able to improve the tensile
strength of PBAT/TPS composites due to the increased molecular weight. However, the
relationship between the molecular weight of MPBAT and the molecular weight of starch
is still unclear. A further research regarding the molecular weight/structure and rheological
properties of MPBAT and TPS is recommended.
Although both the antimicrobial LLDPE films and the antimicrobial PBAT films have
exhibited excellent growth inhibition against E. Coli, PBAT films were able to present the
same antimicrobial activity (e.g., growth inhibition over 99% within lmin) even at a lower
dosage of PHGH (e.g., l.Omg/g PBAT film). As indicated in Chapter 3 and Chapter 5, the
PHGH concentration, especially the distribution on the surface of the film is the key factor
for the antimicrobial property. Therefore, the work to investigate the difference of the
dispersion of PHGH on the surface and in the matrix of LLDPE and PBAT is highly
valuable.
Last but not the least, the real soil burial biodegradation test in this work was conducted
outdoor with a duration of 93days, while the temperature, precipitation, soil composition
as well as the strains of the bacteria/fungi in the soil were uncontrollable. An indoor
simulation setup for soil burial test, marine test as well as the measurement of released
carbon dioxide, in which the parameters are totally controllable, might give more
understanding related to the biodegradation process, though the capital investment could
be costly.
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