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Advances in petroleum-based fuels and polymers
have benefited mankind in numerous ways. Petro-
leum-based plastics can be disposable and highly
durable, depending on their composition and
specific application. However, petroleum resources
are finite, and prices are likely to continue to rise in
the future. In addition, global climate change,
caused in part by carbon dioxide released by the
process of fossil fuel combustion, has become an
increasingly important problem, and the disposal of
items made of petroleum-based plastics, such as
fast-food utensils, packaging containers, and trash
bags, also creates an environmental problem.
Petroleum-based or synthetic solvents and chem-
icals are also contributing to poor air quality. It is
necessary to find new ways to secure sustainable
world development. Renewable biomaterials that
can be used for both bioenergy and bioproducts
are possible alternatives to petroleum-based and
synthetic products.

Agriculture offers a broad range of commodities,
including forest, plant/crop, farm, and marine animals,
that have many uses. Plant-based materials have been
used traditionally for food and feed and are increas-
ingly being used in pharmaceuticals and nutraceut-
icals. Industrial use of agricultural commodities for
fuels and consumer products began in the 1920s, but
they were soon replaced by petroleum-based chem-
icals after World War II because of low cost and

durability of petrochemicals. This chapter focuses on
bio-based polymers derived from plant-based renew-
able resources, their market potential, and the
sustainability of the agriculture industry of the future.

The three major plant-based polymers are
protein, oil, and carbohydrates. Starch and cellulose,
also called polysaccharides, are the main naturally
occurring polymers in the large carbohydrate
family. Agricultural fiber is also a member of the
carbohydrate family. Natural fiber such as flax,
hemp, straw, kenaf, jute, and cellulose consists
mainly of cellulose, hemicellulose, and lignin, but is
usually listed as a material when used as a fiber in
composites.

Corn, soybean, wheat, and sorghum are the four
major crops grown in the United States (Table 1.1),
with total annual production of about 400 million
metric tons (800 billion pounds) in the year 2000.
Annually, 10—15% of these grains are used for food,
40—50% for feeds, and the rest could be for various
industrial uses. Based on U.S. Department of Agri-
culture statistics, the total land used for crops is about
455 million acres, which is about 20% of the total
usable land (Fig. 1.1) [1]. Including other crops, such
as rice, barley, peanuts, and canola, the United States
has the potential to produce about 550 million metric
tons of grains and legumes. At least 150 million
metric tons of grains and legumes are available for
nonfood industrial uses. In general, seeds make up
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Table 1.1 Production of Selected Grains and Legumes (Million Metric Tons)

Wheat Soybean | Corn Sorghum
World production | 578 172 585 55
United States 60 (2nd) | 75 (1st) 253 (1st) | 12 (1st)
Other countries 99.6 (1st) | 37 (2nd) 106 (2nd) | 9 (2nd)
China Brazil China India
37 (3rd) 15.4 (4th) | 40 (3rd) 2.8 (6th)
France China India China

Sources: From Ref. [31] and USDA World Agriculture Production, July 27, 2001.

Misc. other uses
13% Grassland
28%

Special uses
13%

20%
Cropland 26%
Forestland
Figure 1.1 Land use and distribution. Total useful
land in the United States is about 2.3 billion acres.

about 45—52% of the dry mass of a plant. This means
that there is the potential to produce about 400
million metric dry tons of cellulosic sugar-based
biomass (agriculture fiber residues) annually in the
United States alone based on the total production of
corn, soybean, wheat, and sorghum. Including other
crops, plants, and forest products, the total annual US
production of cellulosic sugar-based biomass could
be about 800 million dry tons.

1.1 Plant Proteins

Plant proteins are amino acid polymers derived
mainly from oilseeds (i.e., soybeans) and grains (i.e.,
wheat and corn), and are usually produced as by-
products of processing oils and starches (Table 1.2).
The potential US protein production is about 120
billion pounds of soybean meal containing about
50% protein, about 20 billion pounds of wheat gluten
containing about 70% protein, and about 40 billion
pounds of corn gluten containing about 65% protein.
Of the corn protein, about 30% is a functional
protein called corn zein protein [2]. Plant proteins
are widely used as major ingredients for food, feed,

pharmaceuticals, nutraceuticals, paper coating,
textile sizing, and, increasingly, adhesives. Plant
proteins are complex macromolecules that contain
a number of chemically linked amino acid mono-
mers, which together form polypeptide chains,
constituting the primary structure. The helix and
sheet patterns of the polypeptide chains are called
secondary structures. A number of side chains are
connected to the amino acid monomers. These side
chains and attached groups interact with each other,
mainly through hydrogen and disulfide bonds, to
form tertiary or quaternary structures. These proteins
often have large molecular weights, in the range of
100,000—600,000 Dalton (Da) (Dalton = grams per
mole), which makes them suitable for polymers and
adhesives.

Proteins can be modified by physical, chemical,
and enzymatic methods. Modification results in
structural or conformational changes from the native
structure without alteration of the amino acid
sequence. Modifications that change the secondary,
tertiary, or quaternary structure of a protein molecule
are referred to as denaturation modifications [3]. The
compact protein structure becomes unfolded during
denaturation, which is accompanied by the breaking
and reforming of the intermolecular and intra-
molecular interactions [4].

Physical modification methods mainly involve
heat [5] and pressure [6] treatments. Heat provides
the protein with sufficient thermal energy to break
hydrophobic interactions and disassociate the
subunits [5]. The disassociation and unfolding
expose the hydrophobic groups previously enclosed
within the contact area between subunits or on the
interior of the folded molecules. For example,
soybean protein disassociates and coagulates at high
pressure and exhibits large hydrophobic regions and
high viscosity [6].
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Table 1.2 Average Composition of Cereal Grains and Oilseeds (% Dry Weight Basis)

Cereal Grains | Protein | Fat Starch Fiber Ash Source
Wheat 12.2 1.9 71.9 1.9 1.7 [45]
Rye 11.6 1.7 71.9 1.9 2.0 [45]
Barley 10.9 2.3 73.5 4.3 2.4 [45]
Oats 11.3 5.8 55.5 10.9 3.2 [45]
Maize 10.2 4.6 79.5 2.3 1.3 [45]
Millet 10.3 4.5 58.9 8.7 4.7 [45]
Sorghum 11.0 3.5 65.0 4.9 2.6 [45]
Rice 8.1 1.2 75.8 0.5 14 [45]
Oilseeds

Soybean 51-70" | 18—26 . 6.5 3.7-7.4 | [47]
Rapseed 36—44" | 38—50 . 12—18 | 7.4—8.8 | [47]
Sunflower 20.8 54.8 18.4 2.1 3.4 [47]
Peanut 30 50 14 2.9 3.1 [47]
Canola 22.0 41.0 22 10.0 5.0 [46]
Caster bean 12—16 | 45-50 3—7 2327 | 2 [47]
Cottonseed 22 19.5 35 19.0 4.5 [46]
Copra 4.6—8.0 | 68—79 17.4—-21 | 4.6—7.7 | 2.4-3.7 | [47]
Safflower 21 41.0 14.5 19.0 4.5 [46]
Linseed 22—26 | 41.5—45.5 | 27—31 5.5-9.7 | 4.3-2.7 | [47]
Sesame 20 52 23 — 5.6 [47]

"Oil-free basis.
Sources: From Refs. [45], [46], and [47].

Chemical modification methods may cause alter-
ation of the functional properties, which are related
closely to protein size, structure conformation, and
the level and distribution of ionic charges. Further-
more, chemical treatments could cause reactions
between functional groups, resulting in either adding
a new functional group or removing a component
from the protein. Chemical modification methods
include acetylation, succinylation, phosphorylation,
limited hydrolysis, and specific amide bond hydro-
lysis. Acetylation is the reaction between a protein
amino, or a hydroxyl group, and the carboxyl group
of an acetylating agent. The acetylation reaction can
modify the surface hydrophobicity of a protein [7].
Succinylation converts the cationic amino groups in
the protein to an anionic residue, which increases the
net negative charge, resulting in an increase in
hydrophobicity under specific succinylating condi-
tions [8]. This treatment also increases the viscosity

[9]. Phosphorylation is another effective method to
increase negative charges, thereby affecting gel-
forming ability and cross-linking [10]. Gel-forming
ability can also be increased by alkylation treatment
[8]. Chemical hydrolysis is one of the most popular
methods for protein modifications by acid-based
agents. For example, peptide bonds on either side of
aspartic acid can be cleaved at a higher rate than
other peptide bonds during mild acid hydrolysis
[11]. The hydrophobicity of a protein greatly
increases under specific conditions of mild acid
hydrolysis [12, 13].

1.2 Plant Oils

Plant oils, such as soy oil, corn 0il, and flax oil, can
be derived from many crops (Table 1.2). The United
States has the potential to produce about 30 billion
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pounds of soy oil, 25 billion pounds of corn oil, and
many billion pounds of oils from other oilseeds as
listed in Table 1.2. Plant oils are triglycerides and
contain various fatty acids. Soybean, a major oil plant,
contains about 20% oil. Soy oil is inexpensive in the
United States, sold at about $0.20/Ib. Refined soy oil
contains more than 99% triglycerides and about eight
major fatty acids, including linoleic, oleic, linolenic,
palmitic, and stearic acids [14]. These fatty acids
differ in chain length, composition, distribution, and
location. Some are saturated, and some are unsatu-
rated, which results in differences in the physical and
chemical properties of the oil. Control of the fatty acid
distribution function is essential to optimize polymer
properties. Such plant oil can be physically treated
and chemically modified to meet specific industrial
applications [15].

Adhesives and resins can be derived from bio-
based oils using similar synthetic techniques to
those used with petroleum polymers. Many active
sites from the triglycerides, such as double bonds,
allylic carbons, and ester groups, can be used to
introduce polymerizable groups. Wool and
coworkers [16] prepared soy oil-based resins by
functionalizing the triglycerides. This was accom-
plished by attaching polymerizable chemical
groups, such as maleinates and acrylic acid, or by
converting the unsaturated sites to epoxies or
hydroxyl functionalities, making the triglycerides
capable of polymerizing via ring-opening, free-
radical, or polycondensation reactions.

The second method of producing resins from oil is
to reduce the triglycerides into monoglycerides.
Polymerizable groups, such as maleate half esters,
can be attached to the monoglycerides, allowing
them to polymerize through free-radical polymeri-
zation [17].

The third method is to functionalize the unsatu-
rated sites and reduce the triglycerides to mono-
glycerides, which can form monomers by reacting
with maleic anhydride, allowing polymerization by
free-radical polymerization [18,19]. Such reactions
produce bio-based polymers that have properties and
costs comparable to those of petrochemical-based
adhesives and composite resins.

1.3 Plant Starches

Starch is a carbohydrate polymer that can be
purified from various sources with environmentally

sound processes and green engineering. Corn, wheat,
sorghum, and potato are all major resources, con-
taining about 70—80% starches (Table 1.2). The
potential US starch production is about 455 billion
pounds each year, obtained from wheat, corn, and
sorghum. However, only 5 billion pounds of starch
are produced annually in the United States, mainly
from corn. These starches have been used in the food
industries, as well as in the paper and other nonfood
industries. This number is expected to increase to
about 10 billion pounds in the near future with the
development of biopolymers, such as poly(lactic
acid) (PLA), as substitutes for petroleum-based
plastics [20]. Ethanol production from starch as
a liquid fuel substitute will also increase until new
hydrogen- and methanol-based fuels become viable
in the next 10—20 years.

Starch is a polysaccharide of repeating glucose
monomers and is a mixture of two polymers: linear
amylose linked by «-l,4-bonds and branched
amylopectin linked by «-1,6-bonds. At a given
molecular weight, amylose swells to a much larger
volume in solution than amylopectin [21], but the
more amorphous amylopectin absorbs the more
water than amylose at elevated temperatures [22].
Linear amylose polymers can also align their chains
faster than branched amylopectin polymers. The
branched amylopectin can have an infinite variety
of structures, depending on the frequency of
branching and the length of the branched chains.
Different physical properties are associated with
these various structures. These molecules can be
cross-linked by themselves, or with other multi-
functional reagents. As the cross-linking increases,
the cross-linked polymer becomes less water
soluble.

Many modified starches are produced by chemical
substitution of the hydroxyl groups attached to the
starch molecules. The type of modification, degree of
substitution, and modification conditions will greatly
affect the characteristics of the final modified starch
and, consequently, product quality. Four major starch
modification methods have been used [23]: (1) pre-
gelatinization, such as disintegration of the crystalline
starch granules by heat, high pH, or shear force, to
obtain water-soluble amorphous products; (2) degra-
dation of starch by acids or enzymes to reduce the
molecular weight, resulting in a lower viscosity; (3)
chemical substitution by either esterification with acid
anhydrides or by etherification with epoxide
compounds; and (4) cross-bonding with bifunctional
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esterifying or etherifying reagents to increase the starch
molecular weight, resulting in a higher viscosity.

1.4 Agricultural Fibers
and Cellulose

Agricultural fibers include crop residuals, such as
straw, stems, hulls, and milling by-products (e.g.,
brans) from wheat, corn, soybean, sorghum, oat,
barley, rice, and other crops. The major chemical
composition of these fibers is similar to wood fibers
and includes cellulose, lignin, and pentosan. Wood
fiber contains about 40—45% cellulose, 26—34%
lignin, and 7—14% pentosan. In comparison, wheat
straw contains about 29—35% cellulose, 16—21%
lignin, and 26—32% pentosan [24]. Wheat straw also
contains about 0.6—3.6% protein [25]. Other cereal
straws, such as rice, barley, oat, and rye, have
chemical compositions similar to that of wheat straw
[26]. Large quantities of agricultural fibers are
available for biofuels and bioproducts. For example,
about 400 million metric tons (800 billion pounds) of
dry crop residues are available, based on the grain
production of corn, soybean, wheat, and sorghum at
a straw-to-seed ratio of 45—52% [27—31]. Among
these residues, about 150 billion pounds are wheat
straw [32]. Wheat straw is usually used for fuel,
manure, cattle feed, mulch, and bedding materials for
animals [33]. Particleboard can be prepared using
wheat straw [34—36], sunflower stalks [37], rice
straw, cotton stalks, sugarcane bagasse, flax [38],
maize husks, and maize cobs [33].

Natural fibers can be used for composites as har-
vested, or they can be used as raw materials for
cellulose production. Cellulose can be modified into
cellulose esters, such as cellulose acetate, cellulose
acetate propionate, and butyrate, which are currently
used as major components of thermoplastics. Cellu-
lose, a major component of natural fibers, occurs in
nature largely in crystalline forms made up of
partially aligned or oriented linear polymer chains,
consisting of up to 10,000 B-1, 4-linked anhy-
droglucose units. Cellulose chains are compacted
aggregates, held together by hydrogen bonds forming
a three-dimensional structure, which imparts
mechanical strength to cellulose and contributes to its
biodegradation and acid hydrolysis [39]. Hemi-
cellulose is mainly composed of [3-1, 4-linked p-
xylopyranoyl units with side chains of various
lengths containing L-arabinose, D-glucuronic acid, or

its 4-O-methyl ether, p-galactose, and possibly D-
glucose [40]. Lignin is mainly made up of phenyl-
propane units. Lignin is encrusted in the cell wall and
partly covalently bonded with hemicellulose poly-
saccharides. Lignin is often a by-product of cellulose
or paper pulping manufacture. It is inexpensive and
mainly used for fuel and reformed composite mate-
rials [41]. Lignin may also have a potential use in
adhesives. It can be functionalized to make it soluble
in composite resins and be used as a comonomer and
interfacial agent for natural fibers and soy-based
resin composites.

1.5 Market Potential for Plant
Polymers

Materials and composites used for construction,
automobile parts, furniture, packaging, utensils,
printing, coatings, and textile sizing represent a large
market (about $100 billion) that includes a broad
variety of products, such as adhesives, resins, plas-
tics, binders, fibers, paints, inks, additives, and
solvents. For example, about 20 billion pounds of
adhesives are used annually in the United States.
Among those adhesives, about 8 billion pounds are
formaldehyde-based adhesives, 3.5 billion pounds
are thermoset- and thermoplastic-based adhesives,
7.5 billion pounds are latex based, 0.5 billion pounds
are isocyanate based, and the rest are various adhe-
sives with unique applications. The latex-based
adhesives are mainly used for packaging, coatings,
labeling, inks, paints, office glues, furniture,
furnishings, and similar uses. The formaldehyde-
based adhesives primarily include urea formaldehyde
and phenol formaldehyde adhesives, which are
mainly used for plywood, particleboard, medium-
density fiberboard, and oriented strand board for
construction and furniture. Generally, the adhesive is
about 5—20 wt% of a wood-based composite mate-
rial used in construction, with the rest of the
composite comprised mainly of fiber materials. With
an average of 10% adhesive used in such composites,
the total annual fiber demand is about 150 billion
pounds.

The demands for thermoplastic resin are another
indicator of market potential. Narayan [20] did
a search in 1994 and found that about 54.2 billion
pounds of thermoplastic resins and 11.1 billion
pounds of styrene-based latex resins were produced in
1992 in the United States. These resins are used
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Table 1.3 Thermoplastic Resin Uses and Distributions

Amount (Billions

Amount (Millions

Thermoplastic Resins of Pounds) Styrene-Based Latex of Pounds)
Packing 18.2 Adhesives, inks, and 461
coatings

Building and construction 7.6 Furniture and furnishings | 369
Electrical and electronic 2.6 All other 313
Furniture and furnishings 2.4

Consumer and Institutional 5.9

Industrial 0.6

Adhesives, inks, and coatings | 1.2

Transportation 2.5

Exports 6.8

All other 6.6

Source: Facts and Figures of the U.S. Plastics Industry, Society of the Plastic Industry, 1993.

mainly in packaging, construction, furniture, and
adhesives (Table 1.3). About 22 billion pounds of
plastic waste was discharged in 1992 with an annual
rate of increase of 5.9% [42]. This figure is expected to
reach 42 billion pounds by 2007. Based on U.S.
Environmental Protection Agency (EPA) statistics,
about 10 million pounds of plastic wastes are
produced aboard government ships [20]. These wastes
can be used as an indicator for market potential for
both bio-based and biodegradable materials.

An example of disposable materials produced from
thermoplastics is given in Fig. 1.2. These thermo-
plastics are commonly used for packaging containers,
films, closures, foams, cutlery, utensils, loose fill, and
other applications. Many other single-use or short-

Polyethyleneterephthalate
) ) 10% HD Polyethylene
Polyvinylchloride 5% 329%
12%

Polystyrene

11%
Polypropylene

30%
LD Polyethylene

Figure 1.2 Uses and distributions of disposable
plastic materials. Total disposable plastics are about
13,655 million pounds. (Source: Facts and figures of the
U.S. Plastics Industry, Society of the Plastic Industry, 1993.)

term-use items, such as diapers, personal and femi-
nine hygiene products, masks, gowns, gloves, and
even computer hardware and television frames, all
have market potential for bio-based materials.

1.6 Sustainable Agriculture
Industry of the Future

Durability, compatibility, affordability, and
sustainability are the challenges of converting
renewable resources into industrial materials.
Sustainable development provides growth of both
ecological integrity and social equity to meet basic
human needs through viable economic development
over time. When a new material is designed and
manufactured, one consideration should be sustain-
ability, including resource availability, land use,
biodiversity, environmental impact, energy effi-
ciency, soil conservation, and the impact on the social
community. Besides a favorable life cycle analysis,
research and development of bio-based products
should consider the limits that will maintain
sustainable development. The design of bio-based
materials should favor increased materials supple-
ments, optimized land use, improved plant biodi-
versity, minimized environmental pollution, and
improved energy efficiency, while at the same time
meeting consumer demands.
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About 467 million dry tons of biomass are avail-
able for energy use, including energy crops (switch
grass, hybrid poplar, and willow), forest residues,
mill residues, sludge, biogas, and other wastes [43].
In addition, about 550 million dry tons of crop resi-
dues are produced annually in the United States,
based on the total grain and legume production [31].
Some of these residues need to be returned to fields to
maintain soil quality (such as soil carbon balance),
and some are used for manure or animal bedding, but
approximately 70% of these crop residues may be
available for energy uses. Burning of residual natural
fibers is now forbidden in most Western countries,
and their utilization in materials as proposed herein
has a double environmental benefit.

The total amount of energy consumption in the
United States is about 100 quadrillion Btu annually
[44]. About 40% of the Btu comes from petroleum
oils. The total estimated cellulosic sugar-based
biomass available for biofuel is about 467 million dry
tons in addition to 385 million dry tons of crop
residues. Based on current technology, biomass
materials would contribute about 10—15% of the
total energy annually used in the United States [43].
To make sugar-based cellulosic biomass economi-
cally viable for energy, advanced technology is being

Fermentation

Ethanol

Organic acids

I\e

Fermentation
substrates

Chemicals
Adhesives
Resins
Plastics

Protein
by-products

Chemical segregation

ol

developed to convert these biomasses into biofuels at
higher efficiency. In addition, plant production needs
to be increased at least three- to fourfold during the
next 40 years to meet national biofuel needs. It makes
an excellent environmental sense to utilize grains and
waste agriculture fibers for materials and fuels that
otherwise would be derived from petroleum.
However, such energy and material conversions
should be done in a sustainable green engineering
manner such that a gallon of ethanol fuel does not
require a gallon of petroleum to produce.

The total estimated market potential for bio-
products could be about 160 billion pounds (about 80
million metric tons). There are about 250 million
metric tons of grains and legumes potentially avail-
able annually in the United States for industrial
products. Polymers from grains and legumes require
much less energy to convert into useful materials for
some, but not all, bioproducts. Protein, oil, carbo-
hydrates, and/or their monomers, including amino
acids, fatty acids, sugars, and phenolics, are all
important platforms as coproducts of a feedstock
system and meet the large demands for bioproducts,
including adhesives, resins, composites, plastics,
lubricants, coatings, solvents, inks, paints, and many
other chemicals (Fig. 1.3). Plant materials can rarely

Protein
by-products

Fermentation
substrates

Fibers
Detergent
Fermentation
\ substrates
Detergent
Adhesives

(Paint & ink |

’ Plastics l

[ surfactant ] — e
Fuel
Lubricant

Figure 1.3 Diagram of possible industrial products from biorefinery process of grains and legumes. Application

potentials are beyond those listed in the diagram.
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be used in their natural form, but they can be con-
verted into functional polymers for consumer prod-
ucts after  bioconversions, reactions, and
modifications with physical, chemical, enzymatic,
and genetic approaches.

Plant material structures are genetically
controlled, which consequently affects product per-
formance. Plant materials are studied in this book in
relation to their product performance. Proteins are
complex macromolecules that contain a number of
amino acid monomers linked by amide bonds. The
sequences of these amino acids and composition
determine protein structure, functional groups, and
conformational structures that affect both processing
and quality of the end product. The triglyceride oil
molecular structure is essentially that of a three-arm
star, where the length of the arms, the degree of
unsaturation, and the fatty acids’ content and
distribution are the important structural variables for
product quality. Advanced technologies, such as
biopolymer simulation and modeling, surface
structure analysis, chemical structure analysis,
synthesis, thermal phase transitions, and rheological
behavior analysis, should be used to obtain the
information required to better understand bio-based
polymers.

Research and development for a sustainable agri-
cultural industry for plant-based materials and
composites include five major units: plant science,
production, bioprocessing, utilization, and products
designed to meet society’s demands. Based on
several road maps developed by federal funding
agencies for bio-based materials research, we
summarize the critical research needs and directions
as follows: Research efforts in plant science should
focus on genomics, enzymes, metabolism, and bio-
informatics. This allows for a better understanding of
gene regulation, plant metabolic pathways, carbon
flow, functional genomics, molecular evolution, and
protein/oil/carbohydrate formation, which helps in
developing tools and technologies for functional
gene markers, gene switching, gene screening and
sequencing, and gene manipulation. Research efforts
in production focus on plant and grain quality
consistency, unit costs, yield, infrastructure, and
designed plants. It is important to produce compo-
nents with favorable traits, improve yields, under-
stand interactions of genotypes with environment,
control bio-based polymer and compound quality,
develop harvesting technologies, and use land

economically. For bio-based polymer and materials
science and engineering, attention should be given to
bio-based polymer chemistry, reactions and modifi-
cation pathways, processing technologies, enzyme
metabolism for bioconversion, bioseparation,
molecular structure and functional performance,
scale-up, economics, and infrastructure. Under-
standing these areas will allow for the development
of new technologies for cost-effective conversion of
plant materials into functional industrial materials.
Plant materials utilization focuses on market/
function identification, bioproduct designs, new bio-
based materials development, performance defini-
tion, life cycle analysis and cost—value analysis,
material standards improvement, new analytical
method development, infrastructure and distribution
system, and the main driver, economics.

1.7 Conclusion

Plant protein, oil, starch, lignin, and cellulosic
materials are all important platforms for bioproduct
applications. Agricultural commodities typically
cannot be used as they appear in nature. They need
to be converted into functional polymers and mate-
rials by various technologies including chemical
reactions, fermentation, and modifications. Research
efforts need to focus on interdisciplinary approaches
that integrate plant science, production, processing,
and utilization. Integrated research teams in the
areas of materials science and engineering, plant
science, biochemistry/chemistry, and economics
should be assembled in collaboration with univer-
sities, institutions, national laboratories, and indus-
tries to achieve what we need in this and coming
centuries.
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2.1 Background to Biodegradable
Polymers

People have been using polymers for thousands of
years. In ancient times, natural plant gum was used
to adhere pieces of wood in house building. When
the ancients started to explore the oceans, natural
plant gum was applied as a waterproof coating to
boats. At that time people did not know the extent to
which polymers could be put to use, so their use was
limited to very specific applications. Of course, the
ancients depended on plant-derived polymers. No
modifications were made to their formulation, nor
were polymers synthesized to improve applications.

Natural rubber has been known about since 1495,
when Christopher Columbus landed on the island of
Haiti and saw people playing with an elastic ball. At
that time rubber latex was harvested from the rubber
tree Hevea brasiliensis as a sticky lump, which had
limited applications. However, by 1844 Charles
Goodyear discovered and patented a method to sulfur
vulcanize rubber, and since then it has been widely
used in the tire industry.

The first synthetic polymer was invented by Leo
Hendrik Baekeland in 1907. This was a thermoset-
ting phenol-formaldehyde resin called Bakelite. In
recent decades, the rapid development of polymers
has made a large contribution to technology with the

invention of a highly effective catalytic polymeriza-
tion process. Because commodity polymers—
polyethylene, polypropylene, polystyrene, and
poly(vinyl chloride) (PVC)—can be produced so
cheaply, their use has been exploited for the mass
production of disposable packaging. Thus, around
the world, polymer pollution has become a serious
issue. These petroleum-derived commodity synthetic
polymers require hundreds of years to fully degrade
into harmless soil components. This, together with
the reducing reserves of crude oil, is an encouraging
research into the development of renewable sources
of raw materials for polymers. Figure 2.1 shows the
general trend of polymer development globally.
Although steps have been taken to educate people
about the environmental impact caused by the
exploitation of plastics, these materials continue to
represent the largest proportion of domestic waste.
Conventional plastic waste takes a very long time to
be broken down into harmless substances compared
with organic materials. For instance, a telephone top-
up card takes over 100 years to naturally degrade,
while an apple core requires just 3 months to be
naturally transformed into organic fertilizer. Due to
the better degradability of biomass over conventional
plastics, polymer—biomass blends were the first step
in providing alternatives to help reduce plastic waste

Ebnesajjad: Handbook of Biopolymers and Biodegradable Plastics. http://dx.doi.org/10.1016/B978-1-4557-2834-3.00002-1
© 2012 Elsevier Inc. All rights reserved. Reproduced from a chapter in: Tin Sin, Polylactic Acid (2012). 11
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Figure 2.1 Trends in polymer development.

problems. Generally, abundant biomass such as
lignocellulosics and starches are blended with
synthetic polymers. These polymer compounds are
partially degradable by microorganisms. However,
after the biomass portion has been consumed, the
leftover polymer skeleton will still cause harmful
effects to the environment.

These days, the focus is on developing environ-
mentally friendly polymers. These polymers are
naturally degradable when disposed in the environ-
ment. The carbon footprint of production of these
polymers is monitored to ensure sustainable envi-
ronmental protection.

Biodegradable polymers can be divided into two
categories—petroleum-derived and microorganism-
derived biodegradable polymers (Fig. 2.1). The
petroleum-derived biodegradable polymers, such as
poly(vinyl alcohol) (PVOH), use ethylene to produce
vinyl acetate for polymerization of poly(vinyl acetate)
and is further hydrolyzed into PVOH. The production
cost of this polymer is very sensitive to the fluctuation
of crude oil prices and it is not environmental friendly,
due to the emission of greenhouse gases during
production. However, microorganism-derived biode-
gradable polymers utilize the bio-activity of bacteria
to convert plant products, such as starch, into the
starting product for polymerization. Poly(lactic acid),
also known as polylactide (PLA), is the subject of this
chapter, and is produced in this way, utilizing the
activity of microorganisms. Polyhydroxyalkanoate

Non-renewable source of Biodegradable Renewable source of raw
raw materials polymers materials

Buipuaose awi)

~ =

Poly(lactic acid)
Polyhydroxybutyrate
Polyhydroxyvalerate
Cellulose acetate

\V

Present

(PHA) is also the product of bacterial fermentation.
These polymers use renewable feedstock, and the
production process possesses carbon credit.

There are also some polymer products on the
market called oxo-biodegradable plastics. These so-
called “biodegradable” plastics have caused contro-
versy, and disputes with the environmentalists.
Oxo-biodegradable plastics are actually degraded
using a controlled catalyst to kick-start a chain-
scissioning reaction to attack the polymer macromol-
ecules. This catalyst is made of series of active organo
transition metals, which are added to the polymer.
When oxo-biodegradable polymers are exposed to
ultraviolet light and free oxygen attacks, the chain-
scissioning reaction occurs extensively, finally
reducing the plastic to carbon dioxide. In the market,
the oxo-degradation additives are mostly added to
polyethylene and polypropylene. The additives are
present in very small amounts (<1%) and are highly
effective. Nevertheless, controversy has also arisen
about these types of “eco-friendly” plastics because
they are still derived from petroleum-based products
and the degradation still generates carbon dioxide,
which is against the principle of carbon credit
products. In the short term, these plastics may help
to reduce the burden on landfill. However, the use of
these oxo-biodegradable materials also causes other
environmental problems. The most serious of these
is that the plastics take time to be fully degraded into
carbon dioxide. During the early breakdown process,
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fragmentation of the plastic causes pollution to the
soil, and this can be accidentally consumed by
organisms living off the soil. Again, this has shown
that a fully biodegradable polymer with carbon
credit is crucial for a sustainable future.

Prior to a more detailed discussion of PLA, several
biodegradable polymers will now be examined and
compared with PLA, to determine the reasons for
which PLA is the most popular among the biode-
gradable polymers nowadays. PVOH and PLA are
the most widely produced biodegradable polymers,
while other biodegradable polymers, such as poly-
caprolactone (PCL) and polyhydroxybutyrate (PHB),
are produced in small quantities at the laboratory
scale or at pilot plants. In 2006, the world production
of PVOH reached over 1 million metric tons (MT)
per annum. However, PVOH is a petrochemical-type
biodegradable polymer. The major markets for
PVOH are textile sizing agents, coatings, and adhe-
sives. Only a limited amount of PVOH is made for
packaging applications. The main reason for this is
the hydrophilic behavior of PVOH. Prolonged envi-
ronmental exposure causes PVOH to absorb moisture
extensively. There are hydrolyzed and partially
hydrolyzed forms of PVOH. Both types of PVOH are
soluble in water, and the solubility temperature of
hydrolyzed PVOH is higher. The major producer of
PVOH is Kuraray, in the United States, which has
nearly 16% of the world’s production. China is still
the country that produces the most PVOH; it
accounts for 45% of the global output.

In the early 1800s, PLA was discovered when
Pelouze condensed lactic acid through a distillation
process of water to form low-molecular-weight PLA.
This is the early polycondensation process of lactic

1000
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acid to produce low-molecular-weight PLA and
lactide. Lactide is a prepolymer or an intermediate
product used for the transformation to high-molec-
ular-weight PLA. This polycondensation process
merely produces low yield and low purity PLA.
Almost a century later, DuPont scientist Wallace
Carothers found that the heating of lactide in
a vacuum produced PLA. Again, for high purity PLA
this process is not feasible on an industrial scale due
to the high cost of purification, which limits it to the
production of medical grade products, such as
sutures, implants, and drug carriers. The ambitious
company Cargill has been involved in the research
and development of PLA production technology
since 1987, and first set up a pilot plant in 1992.
Later on, in 1997, Cargill and Dow Chemical formed
a joint venture named Cargill Dow Polymer LLC to
further commercialize PLA. Their efforts have been
fruitful, with the introduction of products branded as
Ingeo . As part of this joint venture, Cargill has
made efforts to improve the hardening time for
products made of PLA, while Dow has focused on
the manufacture of PLA [1]. Generally, PLA’s
monomer, lactic acid, can be obtained from the
fermentation of dextrose by bacteria; dextrose is
derived from plant starch. Thus, PLA is a polymer
made from renewable sources, and has the potential
to reduce our dependence on conventional plastics
made from fossil-based resources. In recent years,
PLA research has developed tremendously, with
many inventions and publications globally (Figs 2.2
and 2.3).

In addition to PVOH and PLA, there are some
other biodegradable polymers on the market; these
are listed in Table 2.1. These polymers are only

800

Data source from Web of Science
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Figure 2.2 Research publications about PLA 1950—2009.
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Figure 2.3 Number of patents published about PLA (USPO = United States Patent Office, WIPO = World Intel-
lectual Property Organization, EPO = European Patent Office, JPO = Japanese Patent Office, UKPO = United

Kingdom Patent Office).

produced on a small scale, primarily for biological
applications, but also for exploration of commercial
potential. Most of the biodegradable polymers are in
the polyester group. Biodegradable polymers can be
derived from renewable and nonrenewable sources
(Fig. 2.4). Useful biodegradable polymers are not
limited to neat polymers, but also include copolymers
(polymerization of different monomers), the latter
having improved biodegradability and structural
properties. PCL, polyglycolic acid (PGA), and pol-
ydioxanone (PDO) are common biodegradable
materials for sutures, pins, and drug carrier implants.
Generally, PGA and PDO are preferable to PCL in
biomedical applications because PCL takes longer
time in vivo to be resorbed. A clinical study of the
PCL-based implantable biodegradable contraceptive
Capronor®, containing levonorgestrel, remains intact
during the first year of use and is finally degraded and
absorbed by the body after 2 years [2].

PHB and poly-3-hydroxybutyrate-co-valerate
(PHBV) both belong to the PHA family, being
developed using biological fermentation of dextrose
as well. A joint venture between Metabolix and ADM,
under the name of Telles ", has produced PHB with
the trade name Mirel . Their PHB compost bags take
6—12 months to be naturally degraded. Sanford, the
international stationary manufacturer, uses PHB in
their famous PaperMate® product range. PHB is not
easily degraded under normal condition of usage or
storage, even in a humid environment. However, when
a PaperMate® pen made of PHB is buried in soil and
compost, the pen decomposes in nearly a year.

Cellulose acetate is commonly used for cigarette
filters, textiles, spectacle frames, and film media. Since
the early part of the twentieth century, cellulose acetate
has been a very important base material for the
photographic film industry. Over the decades, the
application of cellulose acetate has changed. Nowa-
days, a modified cellulose acetate has been produced
that is suitable for injection molding to produce
biodegradable plastic articles. Some ranges of
sunglasses marketed by Louis Vuitton are made of
cellulose acetate. This material comes in a wide variety
of colors and textures and has the ability to be adjusted
easily, but it tends to become brittle with age. A knitted
cellulose acetate fabric treated with a specially
formulated petrolatum emulsion is used as a wound
dressing—it helps to protect the wound and prevents
the dressing from adhering. Prolonged exposure of
cellulose acetate to moisture, heat, or acids reduces the
acetyl (CH3C) groups attached to the cellulose. The
degradation process causes the release of acetic acid;
this is known as “vinegar syndrome.” This is why when
cellulose acetate film is stored under hot and humid
conditions, there is a release of saturation acetic acid
resulting in smelt. The release of acetic acid further
attacks the polymer chain and deteriorates the cellu-
lose. A study of cellulose acetate reported by Ref. [3]
showed that cellulose acetate was biodegraded to
cellulose diacetate in a wastewater treatment assay by
approximately 70% in 27 days; the rate of degradation
also depended on the degree of substitution of acetate.
A high degree of substitution of acetate requires longer
exposure.
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Figure 2.4 Biodegradable polyester family.

As can be seen, most of the biodegradable polymers
mentioned belong to the polyester group (Fig. 2.4).
This is due to the ester-containing covalent bond with
areactive polar nature. It can be broken down easily by
the hydrolysis reaction. The biodegradable polyesters
can be divided into aliphatic and aromatic groups, with
members of each group being derived from renewable
and nonrenewable sources. PLA and PHA are both
aliphatic polyesters from renewable agricultural
sources, while PCL and PBS/PBSA are aliphatic
polyesters produced from nonrenewable feedstock.
Most of the PCL on the market is used in biomedical
applications. PBS/PBSA as marketed by Showa
Denko, under the trade name Bionolle™, is supplied
for Japanese local government programs for packing
domestic solid waste before collection.

Generally, all the aromatic polyesters are produced
from petroleum. Some consider the petroleum-based
biodegradable polymers to be more viable than bio-
based biodegradable polymers. The reason is that the

17

manufacturing of bio-based polymers has led to the
competition between food supply and plastic produc-
tion, and this continues to be an issue as many people in
the third world are still living with food shortage.
However, this view should not be an obstacle to the
development of bio-based polymers, because a small
step in this direction has the potential to lead to a giant
leap in reducing our dependence on fossil resources.
BASF has introduced their aliphatic—aromatic
copolyesters (AAC) product under the name Ecoflex®.
This material is widely used to produce compostable
packaging and films. According to the BASF’s
corporate website, annual production of Ecoflex® has
risen to 60,000 MT to keep up with the demand for
biodegradable plastics, which is growing at a rate of
20% per year. At the same time, BASF also produces
a blend of polyester and PLA—a product called
Ecovio®. This high-melt-strength polyester—PLA can
be directly processed on conventionally blown film
lines without the incorporation of additives. Moreover,
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Ecovio® has extraordinary puncture- and tear-resis-
tance and weldability. Another company, Eastman, has
also produced AAC, with the trade name Eastar Bio®.
Eastar Bio® has a highly linear structure, while
Ecoflex® contains long-chain branching. Late in 2004,
the Eastar Bio® AAC technology was sold to Nova-
mont S.p.A. Eastar Bio® is marketed in two different
grades: Eastar Bio® GP is mainly for extrusion,
coating, and cast film applications; Eastar Bio® Ultra
is marketed for use in blown films. A study reported by
BASF (2009) [4] shows that the AAC of Ecoflex® has
comparable biodegradability to cellulose biomass,
which is 90% degraded in 180 days as per CEN
(European Committee for Standardization) EN 13432.
This has shown that a petroleum-based biodegradable
polymer can be as good as a natural material in terms of
degradability.

The conventional polyethylene terephthalate
(PET) takes hundreds of years to naturally degrade.
However, the situation is different with PET with
appropriate modification, such as comonomer ether,
amide, or aliphatic monomer. The irregular weak
linkages promote biodegradation through hydrolysis.
The weaker linkages are further susceptible to enzy-
matic attack on the ether and amide bonds [5]. Such
modified PET materials include polybutylene adipate/
terephthalate (PBAT) and polytetramethylene adi-
phate/terephthalate (PTMAT). DuPont has commer-
cialized Biomax® PTT 1100 with a plastic melting
point of 195 °C for high service-temperature appli-
cations. This product is suitable for use as fast-food
disposable packaging for hot food and drink. In
general, the development of biodegradable polymers
is still in the preliminary stages and it is anticipated
that this will expand in the near future.

2.2 Market Potential of
Biodegradable Polymers and PLA

Plastics manufacturing is the major industry
worldwide. Every year, billions of tons of virgin and
recycled plastics are produced. The world production
of plastics has increased 160 times in a little less than
60 years, from 1.5 million tons in 1950 up to 245
million tons in 2008. Figure 2.5 shows that the
production of polymers has increased year on year,
with the exception of 2008, which showed a reduc-
tion in plastic production due to the global financial
crisis. The demand for plastics soon recovered with
the rebound of the world economy. This is evidenced

Figure 2.5 World plastics production from 1950 to
2008. Adapted with permission from Ref. [6].

by the fact that the giant global producers Dow
Chemical, ExxonMobil Chemical, and BASF
showed double-digit gains in sales and volumes [7].
Dow’s sales were up by 33% in all geographical
areas. This was contributed to by the high growth in
the automotive industry and the need for elastomer
materials for the increased demand for vehicles
worldwide. BASF reported an increase in sales by
26% in the first quarter of 2009 due to substantial
volume gains from the automotive and electrical/
electronic sectors. Sales of the giant chemical
company ExxonMobil rose 38%, or US$6.3 billion,
in the first quarter of 2009 due to the larger chemical
margins, with a large portion contributed by its
plastic business.

Overall, the worldwide demand for plastic is fore-
cast to be 45 kg per capita by 2015 [6]. The plastics
market is still a big cake to be shared among the
existing players, and the newcomers will also have the
opportunity to gain a market share. From research data
provided by a global management consulting company
[8], the highest growth in polymer consumption
belongs to the electrical/electronics sector. The highly
sophisticated electrical/electronic products on the
market, such as smart phones, computers, and enter-
tainment appliances, require durable and lightweight
parts, which make polymers crucial for use in their
design. A variety of plastic products, both liquid and
solid, including packaging, toys, containers, and
stationery, remains the sector with the highest polymer
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Table 2.2 World Polymer Consumption Forecast (Data: Ref. [8])

2006—2016

Compound Annual
Market Sector 2006 (Thousand MT) | 2016 (Thousand MT) | Growth Rate (%)
Food 42,025 71,774 5.5
Textiles 32,176 51,630 4.8
Furniture 13,687 22,993 5.3
Printing 780 1,220 4.6
Plastic products 43,500 78,361 6.1
Fabricated metals 1,519 2,259 4.0
Machinery 2,397 3,658 4.3
Electrical/electronic 13,810 25,499 6.3
Other transportation 9,330 16,181 5.7
Vehicles and parts 10,746 15,625 3.8
Other equipment 3,852 6,334 5.1
Other manufacturing 21,238 33,569 4.7
Construction 45,886 72,919 4.7
Total 240,947 402,022 5.3

consumption, with forecasts reaching 78,361 thousand
MT per annum (Table 2.2).

These figures provide strong evidence that the
demand for plastic products will grow further in
future. However, the majority polymers on the market
are petroleum-based products. Although the current
price of crude oil has returned to an affordable level
since the price hike of US$147 in July 2008, the price
of many petroleum commodity products, especially
polymers, has reached a historical high. Today, many
believe that another petroleum price hike is very
likely to happen in the next decade, due to the limited
crude oil reserves. Continual exploitation of these
natural resources has also caused serious global
warming. Thus, the search for alternative sources of
energy and nonpetroleum-based products is crucial
for a sustainable economy and environment.

As mentioned previously, biodegradable polymers
can be derived from both petroleum and renewable
sources. Both types of biodegradable polymers have
attracted attention in the industry. Petroleum-based
biodegradable polymers may help to overcome the
accumulation of nondegradable plastic waste.
However, renewable biodegradable polymers not
only possess biodegradability, but the polymers are
also derived from sustainable sources with the envi-
ronmental credit.

Many countries have imposed regulations to
reduce or ban the use of nondegradable plastics for
environmental protection. For instance, China, the
largest polymer-consuming country with a pop-
ulation of 1.3 billion, has banned the usage of
plastic bags. Major supermarkets do not provide free
plastic bags to their customers. These actions have
helped to save at least 37 million barrels of oil per
year. In Europe, several regulations have driven
forward organic waste management to help reduce
soil/water poisoning and the release of greenhouse
gases. Recycling of bio-waste is the first measure to
reduce the generation of methane (a greenhouse gas)
from landfills. Directive 1999/21/EC on the Landfill
of Waste requires European Union members to
reduce the amount of biodegradable waste to 35% of
1995 levels by 2016. The second measure is to
increase the usage of compostable organic materials,
so that they become useful in helping to enrich the
soil. This can help replace the lost carbon from the
soil as emphasized in Directive 2008/98/EC on
waste (Waste Framework Directive). Following the
introduction of Directive 94/62/EC on Packaging
and Packaging Waste, which imposed requirements
for plastic and packaging waste, plastic and pack-
aging waste should now fulfill the European
standard EN 13432, with these materials to be
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declared as compostable prior to being marketed to
the public [9].
Ireland was one of the first countries to introduce
a plastic bag levy. Ireland’s Department of Environ-
ment, Heritage and Local Government introduced
a charge of 15 cents on plastic bags in 2002. This
move had an immediate effect, reducing the usage of
plastic bags from 328 to 21 bags per capita. After this
encouraging outcome, the Irish Government increased
the levy to 22 cents, further reducing the usage of
plastic bags [10]. Although biodegradable plastic bags
degrade more quickly than standard ones, the Irish
Government did not distinguish between the two in
their laws. However, reusable plastic bags sold in the
shops are exempt from the levy, with the condition
that they should not be sold for less than 70 cents.
Because the use of plastic bags is not entirely
avoidable in modern life, the production of reusable
plastic bags made of a compostable material is rec-
ommended, so that disposal will not burden the
environment. As people have become more aware
about using compostable packaging, many companies
have tried to make their products at least appear to
have such packaging. Consequently, various types of
“eco-packaging” are available in the market. Such
eco-plastic products need to undergo a series of tests
to verify their biodegradability and compostability. In
the European Union, compostable packaging must
fulfill the requirements of EN 13432, while other
countries have their own standard to be met in order to
allow the use of a compostable logo (Table 2.3).
The production of biodegradable polymers has
increased tremendously over the past few decades. In
an overview of the products and market of bio-based
plastics by Shen et al. in Ref. [11] known as PRO-BIP
2009, the global output of bio-based plastics was
360,000 MT in 2007. This represented only 0.3% of the
total amount of plastics produced worldwide. However,
the production of bio-based plastics grew rapidly at
a rate of 38% annually between 2003 and 2007 [11].
Shen et al. [11] have predicted that bio-based plastic
production will increase to 3.45 million MT in 2020,
and will be primarily made up of starch plastics (1.3
million MT), PLA (800,000 MT), bio-based poly-
ethylene (600,000 MT), and PHA (400,000 MT).
Bio-based polyethylene is produced from the feed-
stock of ethylene, which is based on the dehydration of
bio-ethanol from sugar fermentation. A large number
of bio-based projects have been started in the United
States, Europe, and Japan, and then production has
been transferred to other parts of the world.

Based on the information from PRO-BIP 2009, the
production output for different types of biodegrad-
able polymer in 2009 is summarized in Fig. 2.6.
Cellulose-based polymers represent the largest
proportion of biodegradable polymers globally.
Cellulose polymers are mainly used in the manu-
facture of fiber for textiles, bedding, cushions, filters,
etc. Most of the cellulose is harvested from cotton
and chemically treated or modified to suit the end
use. Starch-based polymers relate to starch—polymer
blends and thermoplastic starch. Companies such as
Novamont S.p.A, Plantic DuPont, and Cereplast
blend starch with other synthetic polymers to
improve the processability and mechanical properties
of the starch alone. Normally, blending of starch with
a biodegradable polymer such as PCL, PLA, and
PHB is preferable, to ensure the resulting blends are
fully biodegradable. Some starch-based polymer
producers also blend starch with polyolefin. These
starch—polymer blends are partially degradable, with
starch initiating the degradation. However, the left-
over polymer skeleton can still cause harmful effects
to the environment.

PLA, PHA, and other biodegradable polymers
contributed to 14% of the world production in 2009.
PLA is the most widely produced of the renewable
biodegradable polymers. Currently, most of the
renewable biodegradable polymers are still in the
developing stages. PLA represents a large portion of
the market because of the maturity of its technology
for mass production. Technologists prefer PLA due
to its renewable feedstock for carbon credit. The
establishment of downstream processing and the
market by renowned producers, especially Nature-
Works, have also contributed to the expansion of the
PLA production in a range of countries. In future, the
production of PLA may overtake the sum of other
biodegradable polymers, such as PBS, PBT, PCL,
PBAT, etc. (Fig. 2.7). Future mass production and
market competition will also assist the development
of economically viable technology to offer cheaper
products. Investors are likely to favor bulk produc-
tion of PLA with its known profitability and long-
term low-cost feedstock from agricultural sources.
Moreover, the development of starch-based and other
bio-plastics will also increase the demand for PLA.
This is because fully biodegradable starch blended
with PLA helps to improve the properties of the
weaker starch structure itself. Similarly, BASF’s
AAC Ecovio® is blended with PLA for better proc-
essability and flexibility of the end product.
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Table 2.3 Certification of Compostable Plastic for Different Countries

Certificating Body Standard of Reference Logo
Australia Bioplastics Association (Australia) | EN 13432: 2000
www.bioplastics.org.au
Association for Organics Recycling (UK) EN 13432: 2000
www.organics-recycling.org.uk

Polish Packaging Research and Develop- | EN 13432: 2000
ment Centre (Poland)

www.cobro.org.pl/en

DIN Certco (Germany) EN 13432: 2000
www.dincertco.de/en/

Keurmerkinstituut (the Netherlands) EN 13432: 2000
www.keurmerk.nl

Vincotte (Belgium) EN 13432: 2000

www.okcompost.be

Jatelaito-syhdistys (Finland) EN 13432: 2000

www.jly.fi %
,/ N\ \-“
\ ~—
/ : i\..
Certiquality/CIC (Italy) EN 13432: 2000

www.compostabile.com

cic

Biodegradable Products Institute (USA) ASTM D 6400-04
www.bpiworld.org COMPOSTABLE

Bio: radable | usl‘.uMMSIIMi
Praducts Institute COUNCIL

®

(Continued)
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Table 2.3 Certification of Compostable Plastic for Different Countries—Cont’'d

Certificating Body Standard of Reference Logo
Bureau de normalisation du Québec BNQ 9011-911/2007
(Canada)

www.bng.qgc.ca

Japan BioPlastics Association (Japan) Green Plastic Certification System
www.jbpaweb.net

Figure 2.8 shows the average prices of biodegrad-
able plastics and conventional commodity plastics in
2009. The price of PLA is the lowest of the biode-
gradable polymers. The nearest competing biode-
gradable polymer is PVOH, which is produced by
hydrolysis of polyvinyl acetate from petroleum sour-
ces. PLA and PVOH are very unlike to compete
directly in the biodegradable polymer industry due to
their respective characteristics. PVOH possesses
hydrophilic properties, and is used as a sizing agent,

Figure 2.6 World production of renewable biode- Figure 2.7 World production of renewable biode-
gradable plastics in 2009. gradable polymers in 2003—2020 (projected).
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Figure 2.8 Average prices of polymers in 2009.

adhesive, and paper coating. Only a limited amount of
PVOH is used for the manufacture of packaging film
for food. PVOH tends to be soluble in water at 90 °C. In
contrast, PLA is hydrophobic, and has the potential to
be used as a substitute for some of the existing poly-
olefin polymers. The starch-based plastics have
a higher price compared to PLA; this can be attributed
to the technological processing of starch, which is
remarkably complex. Starch needs to be blended with
other polymers, such as PP and PLA, and, conse-
quently, this leads to higher costs and extra processing
on melt blending of starch with PP or PLA. Although
cellulose is the most produced biodegradable plastic,
its price remains higher due to its specialty application.
The ability of cellulose to be injection molded is also
limited. Extra treatment and modification of cellulose
is crucial for processability using injection molding.

From the direct comparison in Fig. 2.8, PLA is the
nearest competitor to the commodity polymers poly-
ethylene (PE), polypropylene (PP), polystyrene (PS),
PET, and ethylene vinyl acetate copolymer (EVA). At
the same time, the price of PLA is much less than
polycarbonate (PC). The potential of PLA to substitute
PC is great, especially in the fabrication of electric/
electronic casings. Fujitsu has introduced a laptop
casing made of PC and PLA. This PC—PLA laptop
casing has a 14.8% lower carbon oxide emission
compared to a conventional PC—ABS casing. Overall,
the PLA resin price is relatively high compared to
commodity plastic. However, increasing of production
efficiency and a competitive marketplace are likely to
provide better prices in the near future.

Although PLA was first synthesized in the early
1800s, the development of PLA has taken long time
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to reach production viability. In the early stages of
commercialization, the PLA produced was limited to
use in biomedical devices, because the cost of
synthesis was expensive and was not mass-produced.
Direct polycondensation requires critical process
control in order to achieve high-molecular-weight
PLA. In the 1990s, the market for PLA started to
expand, with the first pilot plant being set up in 1992
by Cargill, using the indirect polymerization of lac-
tide monomer for a higher production yield of PLA.
In 1997, the Cargill and Dow Chemical joint venture
founded the company NatureWorks with their
preliminary commercial products coming to market
under the name Ingeo™". A plant was built at Blair, in
the United States, costing US $300 million in 2002.
Later, in 2007, Dow Chemical sold its 50% stake in
NatureWorks to Japan’s Teijin. Teijin has been very
committed to developing green plastic technologies
to expand their existing polymer resins range. During
the recent economic downturn, Teijin underwent
restructuring, and transferred its 50% ownership to
Cargill [12—14]. Teijin is now focusing in the
development of their PLA product BIOFRONT",
a heat-resistant type of PLA plastic for the substitu-
tion of PET. BIOFRONT"" has 40 °C higher melting
temperature than existing poly-L-lactic acid. Teijin’s
BIOFRONT™ has been produced in collaboration
with Mazda, to develop a car-seat fabric made of
100% bio-based fibers [15]. More recently, Teijin has
announced the codevelopment of a PLA compound
with Panasonic Electric Works; MBA90OH has
superior moldability, and 1000 MT are set to be
produced in 2012. Since the withdrawal of Teijin,
NatureWorks has been wholly owned by Cargill. In
a March 2009 corporate press release, Nature Works
announced that the company was assessing for a new
production plant for Ingeo” [12,13]. Ingeo'" is used
by hundreds of leading brands and retailers in the
United States, Europe, and Asia (Table 2.4).

Purac, currently the world’s largest lactic acid
producer, operates a lactic acid plant in Thailand
with an annual output of 100,000 MT in 2007. This
entire plant has the capacity of 200,000 MT annually
in the future. Currently, Purac supplies over 60% of
lactic acid globally from its operation facilities
located in the Netherlands, Spain, Brazil, and USA.
Purac has been manufacturing PLA and PLA
copolymers for biomedical applications such as
sutures, pins, screws, and tissue scaffolding mate-
rials. In planning for further business expansion and
with the maturity of the PLA market, Purac has
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Table 2.4 Examples of PLA Product Applications

Company Area of Application Market Products

CL Chemical Fibers Spunbond fabrics Medical applications, shopping bags,
and landscape textiles

Dyne-a-Pak Foam meat trays Dyne-a-Pak Nature™ trays

Bodin (France) Foam trays Trays for meat, fish, and cheese

CDS srl Food serviceware Cutlery
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Table 2.4 Examples of PLA Product Applications—Cont'd
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Company

Area of Application

Market Products

Cargo Cosmetics

Casings

Casings for cosmetics

P "
1, CAREO %
Y

DS Technical Nonwoven

Exhibition grade carpeting

Ecopunch® carpets

Sant’Anna, Swangold, Cool Change, | Bottles Bottles for juice and still water
Good Water, Primo Water
Natures Organics PLA bottles Shampoo bottles in Australia

(Continued)
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Table 2.4 Examples of PLA Product Applications—Cont'd

Company Area of Application Market Products

Naturally lowa EarthFirst® shrink sleeve Bottles for debuted Yogurt 7.0
labels

Priori Cosmetic packaging CoffeeBerry®

Frito-Lay Packing bags SunChips®




OVERVIEW OF PoLY(LACTIC AcCID)

Table 2.4 Examples of PLA Product Applications—Cont'd
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Company

Area of Application

Market Products

InnoWare Plastics

Deep hinged trays and lids

ECO OctaView™ and ECO
Expressions™

Ahlastrom

Nonwoven fabric

Tea bags

Telecom ltalia and MID product design
studio

Telecommunication casing

Cordless telephones

Carrefour Belgium

Film

Clear film overwrap for trays

Kik & Boo

Fiber

Soft toys filled with PLA fiber

(Continued)
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Table 2.4 Examples of PLA Product Applications—Cont'd

Company Area of Application Market Products
Stilolinea Stationery Pens
e —

> .
DDCLAB USA Fabric Slim fit men’s shirts and trousers
Pacific Coast Feather Company Fiberfill Comforters, pillows
Method Fiber cloths Sweeper cloths for omop™
Valor Brands Fiber Diapers—Natural Choice™
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Table 2.4 Examples of PLA Product Applications—Cont'd
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Company Area of Application Market Products

Kimberly-Clark Fiber Huggies® Pure and Natural diapers

Fujitsu Computer casing FMV-BIBLO notebook

Toyota Automotive Toyota Eco-Plastic—spare tire covers
and floor mats

Bioserie Electronics covers iPhone covers

decided to utilize its production of lactic acid for PLA
manufacture. With its existing high-volume produc-
tion of lactic acid, Purac has the opportunity to
convert lactic acid into L-lactide and p-lactide under
the brand name PURALACT"". Purac has invested
45 million to produce 75,000 MT of PLA at its lactide
plant in Thailand. The new plant is scheduled for its
first production in the second half of 2011.

Purac in the Netherlands and Sulzer Chemtech AG
in Switzerland have joined forces to produce PLA
foam. Synbra, a company in Etten-Leur, the
Netherlands, has been engaged to set up the PLA
foam technology for Purac—Sulzer, expanding their
product range, which includes a green polymer foam
called BioFoam® (Fig. 2.9). Synbra has been in the
Styrofoam manufacturing line for more than 70
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Figure 2.9 (a) Sulzer’s 23 kg/h pilot plant in Switzerland using Purac’s new lactide monomer; (b) Purac’s 75,000
MT/year lactide monomer plant operating in Thailand from 2011.

years. The expandable PLA of Synbra utilizes the
lactide produced by Purac’s lactide facility in Spain.
Purac’s Spanish plant will have the production
capacity of 10 million 1b per year in the near future
once it is fully commissioned. In September 2010,
Purac entered into collaboration with Arkema to
develop high-purity functional block copolymers,
containing PLA segments, using the Purac’s lactide.
The output of the development is an improvement on
the current lactide polymerization process with the
absence of metal residues, which ensures safe
medical and consumer goods packaging. In addition,
Purac is also collaborating with Toyobo, a Japanese
film, fiber, and biotechnology firm, to make an
amorphous and biodegradable PLA product for the
European market under the brand name Vyloecol®.
Unlike the production technology used by Pur-
ac—Sulzer, Vyloecol® developed by Purac—Toyobo
is a patented amorphous PLA for application as
coatings or adhesives for packaging films and
materials.

Purac is also actively involved in PLA production
in the European Union, with Galactic and Total

Petrochemicals. They established a 50/50 joint
venture—Futerro—in September 2007 to develop
PLA technology. The preliminary project was to
construct a demonstration plant with a 1500 MT
PLA production capacity; this pilot unit costs 15
million. The Galactic production site is located at
Escanaffles, Belgium. The monomer, lactide, is
obtained from fermenting sugar beet. Another joint
venture, known as Pyramid Bioplastics Guben
GmbH, is also planning to construct and operate
a plant for the production of PLA, this time in
Guben, eastern Germany. The company is a part-
nership between Pyramid Technologies Ltd, of Zug
in Switzerland, and the German company Bio-
plastics GmbH, of Guben. The first construction
plant will have a 60,000 MT capacity of PLA per
annum by 2012. Hycail, a pilot-plant scale producer,
used to produce a small quantity of PLA before
selling it to Tate & Lyle in 2006. This plant was shut
down 2 years later.

In Asia, many companies have been established to
explore PLA technology. Japan is the first country to
be involved in the research and development of PLA.
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China then followed, as the market for PLA started to
grow. Although Japan was involved in PLA tech-
nology earlier than other Asian countries, some of the
large ambitious companies halted production due to
high production costs, lack of availability of raw
materials, and an immature market to accept such
premium plastics with a higher price. Shizmadu
initially operated a pilot plant to produce small
commercial quantities of PLA. Since then, produc-
tion has ceased and the technology sold to the Toyota
Motor Corporation. Toyota increased production to
1000 MT per year, mainly for automotive applica-
tions. In 2008, the plant was sold to Teijin, and now
Teijin is expanding production for its BIOFRONT "
products. The company plans to increase the
productivity of BIOFRONT™ to 5000 MT per year in
2011. Unitika Ltd, a 120-year-old textile company,
has marketed PLA products under the Teramac®
brand. Teramac® resin can be processed using wide
range of plastic technologies, including injection,
extrusion, blow, foam, and emulsion. The Korean
company Toray has launched full-scale commer-
cialization of Ecodear’ PLA films and sheets.
Ecodear possesses heat and impact resistance as
well as flexibility and high transparency equivalent to
petroleum-based plastic films.

Since 2007, many projects have been announced
in China. However, many of these have seen a lack

Table 2.5 Polylactic Acid Resin Producers
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of further development [16]. Zhejiang Hisun
Biomaterial was the first company in China to
produce PLA on a commercial scale, with an
annual production of 5000 MT per year. Other
companies had smaller plants at the time:
Shanghai Tong-jie-liang Biomaterial had a pilot
plant producing 300 MT per year PLA, and Nan-
tong Jiuding Biological Engineering had a larger
facility that could produce up to 1000 MT per
year. At the end of 2009, Nantong Jiuding Bio-
logical Engineering secured funding of US$1.4
million from the National Development Reform
Commission to expand its PLA project [17]. This
was followed by an expansion project, involving
a total investment of US$19 million, to boost
production to 20,000 MT per year. Henan Piaoan
Group, a medical equipment and supplies manu-
facturer, has purchased the patented PLA tech-
nology of Japan’s Hitachi Plant Technologies Ltd.
The Henan Piaoan plant is expected to produce
10,000 MT of PLA annually. Most of the PLA
produced in China is for export rather than internal
use, because the biodegradable market in China is
still in its infancy and there is a lack of local
regulation on biodegradable polymer use for
environmental protection.

A list of PLA resin producers worldwide is given
in Table 2.5.

Producer Capacity (MT/year) | Location

NatureWorks 140,000 Nebraska, USA

Purac—Sulzer Chemtech—Synbra 5,000 The Netherlands

Technology

Galactic—Total Petrochemicals: Futerro 1,500 Belgium

Zhejiang Hisun Biomaterial 5,000 Zhejiang, China

Shanghai Tong-jie-liang Biomaterial 300 Shanghai, China

Mitsui Chemical—LACEA® No data Japan

Unitika—Terramac 5,000 Japan

Nantong Jiuding Biological Engineering 1,000 Jiangsu, China

Piaoan Group 10,000 (in planning) | Henan, China

Purac—Toyobo No data Japan

Toray Industries 5,000 Kyungsangbuk-do, South Korea
Pyramid Bioplastics Guben GmBH 60,000 (in planning) | Guben, Germany

Teijin Limited 1,200 Matsuyama, Ehime Prefecture, Japan
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2.3 General Properties
and Applications of PLA

2.3.1 PLA for Domestic
Applications

NatureWorks is the largest PLA producer in the
world. Their product range includes injection
molding, extrusion, blow molding, thermoforming,
films, and fiber applications. Ingeo ", NatureWorks’
PLA resin, is produced at a rate of 140,000 MT per
year from a facility located in Nebraska, United
States. The company has 19 worldwide distribution
points from which to sell and promote their products.
NatureWorks has initiated a co-branding partnership
program for better market positioning of Ingeo .
Currently, there are over 900 companies involved in
this partnership program, which has successfully
strengthened the Ingeo” brand worldwide.

Tables 2.6—2.8 give a summary of the properties of
Ingeo . As with commodity plastics such as poly-
ethylene and polypropylene, the selection of Ingeo "
is made according to the processing technique as well
as the end use of the product. According to Patrick
Gruber, Chief Technology Officer at NatureWorks,
and colleagues [18] the variety grades of PLA are
formulated using the principle of stereochemical
purity, molecular weight, and the incorporation of
additive packages. Manipulation of the stereochem-
ical composition of PLA has a significant effect on the
melting point, rate of crystallization, and ultimately
the extent of crystallization [18]. Pure PLA either
fully in L or D stereochemistry has a melting point of
180 °C and a glass transition temperature at 60 °C
[19]. Copolymerization of p-lactide or meso-lactide
affects the stereochemical purity. The crystallinity of
PLA is totally destroyed after the incorporation of
15% meso-lactide or bp-lactide in poly(L-lactide)
(PLLA). The copolymerization of L and D stereo-
chemistry induce the formation of an amorphous
structure in the resulting polymer. Nevertheless, the
higher melting point of the resulting polymer is
preferable to avoid heat deflection of the PLA-formed
article, typically in hot food serviceware. Purac
claims that through the manipulation of the stereo
complex and stereo block of lactide during the
copolymerization process, the melting temperature
can effectively be increased to 230 °C, which is
almost as good as polystyrene (melting point of
polystyrene is about 240 °C). In spite of that, it is
important that the rheological properties of the

resulting polymer suit the processing technology.
PLA is typical of aliphatic polyesters, having rela-
tively poor strength and lacking in shear sensitivity.
The introduction of branching in PLA makes it
possible to be able to obtain a longer chain of the
resulting polymer for better entanglement, which can
result in better melt strength for blow film application
[20]. However, the details of such modifications are
rarely disclosed by the manufacturers. Further details
of research work on the rheological properties of PLA
are discussed in Chapter 3.

Unitika Limited and FKuR Kunststoff GmBH have
marketed their products based on NatureWorks’
Ingeo " under the trade names of Bio-Flex® and
Terramac®, respectively. Although both the manu-
facturers have stressed that their products are based on
Ingeo ', some modifications or additives have been
incorporated into the product to improve the original
properties of the PLA. It can be seen from Tables
2.9—2.11 that the heat distortion/deflection temper-
ature of the Terramac® series is higher than that for
Ingeo . A higher heat distortion/deflection tempera-
ture is crucial for certain products, particularly food
serviceware for hot food and drink. Bio-Flex® (Table
2.12) also has different properties to Ingeo ", after
converting unit of analysis. The improvements to PLA
made by other manufacturers are considered to be
positive moves to enable PLA to fulfill a wide range of
market needs. In its series of Terramac® products,
Unitika has also included a foam and emulsion of
PLA. The foam PLA is targeted to replace Styrofoam,
while reducing the environmental pollution. The
emulsion grade of PLA is suitable as a coating agent.
Similarly, Toyobo’s PLA under the trade name of
Vyloecol® is mainly produced to be used as a general-
purpose coating agent (Table 2.13).

In addition to converting and improving Ingeo®,
Zhejiang Hisun Biomaterial has produced two other
grades, REVODE201 and REVODEI101 (Table 2.14),
for injection molding and extruded sheet thermo-
forming applications respectively, from its facility
located in China. The Galactic and Total Petrochem-
ical joint venture has introduced Futerro® polylactide
consisting of three grades, for thermoforming, fiber,
and injection molding applications (Table 2.15). Other
manufacturers such as Mitsui, Teijin, Purac, Toray, and
some Chinese manufacturers lack data about their
product grades. This might be due to the manufac-
turer’s technology still being in the pilot stage and,
therefore, yet to produce detailed specifications prior
to mass production for the market.
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Table 2.6 NatureWorks PLA Grades for Thermoform and Injection Molding (Data: NatureWorks)

Grade 2003D 3001D 3051D 3251D 3801X

Specific gravity | 1.24' 1.24' 1.25" 1.24" 1.33"

Melt index 5—72 10—30° 10—257 70—85° g°

(9/10 min)

Tensile strength | 53* — — — —

at break (MPa)

Tensile yield 60* 48° 48° 48° 25.9°

Strength (MPa)

Tensile 3500* — — — 2980°

modulus (MPa)

Tensile 6* 2.5° 2.5° 2.5° 8.1°

elongation (%)

Notched Izod 12.81° 0.16° 0.16° 0.16° 144°

impact (J/m)

Flexural — 83’ 83’ 83’ 44"

strength (MPa)

Flexural — 3828’ 3828’ — 28507

modulus (MPa)

Crystalline melt | — — 150—165° — 160—1708

temperature

(°C)

Glass transition | — — 55—65°

temperature

(C)

Applications General Injection molding | Injection Injection Injection
extrusion for applications for | molding molding molding for high-
thermoform clear cutlery, applications with | applications with | heat and high-
production of cups, plates, etc. | the requirement | higher melt flow | impact
food packaging, | with heat for clarity and capability. High | applications.
dairy containers, | deflection heat deflection | gloss, UV- More rapid
food temperature temperature resistance and | crystallization
serviceware, <55 °C <55°C stiffness kinetics for
transparent shorter cycle
containers, time. Application

hinged ware and
cold drink cups

at heat
deflection
temperatures 65
—140 °C without
food contact

TASTM D792°ASTM D1238 (210 °C/2.16 kg)°’ASTM D1238 (190 °C/2.16 kg)*ASTM D882°ASTM D638°ASTM D256’ ASTM D790°ASTM

D3418°ASTM D3417
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Table 2.7 NatureWorks PLA Grades for Films and Bottles (Data: NatureWorks)

Grade 4043D 4060D 7001D 7032D
Density (g/cm®) 1.247 1.24' 1.242 1.242
Melt index (g/10 min) — — 5—15° 5-15°
Tensile MD (kpsi) 16* — — —
strength TD (kpsi) 214 — — —
Tensile MD (kpsi) 480* — — _
modulus TD (kpsi) 560* — — —
Elongation at | MD (%) 160* — — —
break TD (%) 100* — — —
Elmendorf MD (g/mil or g/25 um) | 15° — — —
tear TD (g/mil or g/25 pum) | 13° — — —
Transmission | Oxygen (cc mil/m?/24 | 550° 550° 550° 550°
rate h atm or cm® 25 pm/

m?/24 h atm)

Carbon dioxide 3000° 330° 3000° 3000°

(cc mil/m?/24 h atm or
cm?® 25 pm/m?/24 h
atm)

Water vapor (g mil/ | 3257 3257 3257 3257
m?/24 h atm or g 25
pwm/m?/24 h atm)

Optical Haze (%) 2.18 28 — _
characteristics | Gloss (20°) 908 908 _ _
Thermal Melting point (°C) 1358 — 145—155° 160°
characteristics | Glass transition — 52—58° 52—58° 55—60'°
temperature (°C)
Seal initiation — 80" — _

temperature (°C)

Application Biaxial oriented | For heat seal Injection stretch | Injection stretch
film application | layer in blow molded blow molded
Excellent coextruded bottles bottles. Ideal
optics, twist, oriented films Potential for for applications
and deadfold Excellent heat | fresh dairy, requiring heat
Barrier to seal and hot edible oil, fresh | setting—fruit
flavor, grease, | tack water and liquid | juices, sports
and superior oil hygiene drinks, jams,
resistance products jellies

TASTM D1505°ASTM D792°ASTM D1238 (210 °C/2.16 kg)*ASTM D882°ASTM D1922°ASTM D1434’ASTM E96°ASTM D1003°ASTM
D3418"°ASTM D3417



Table 2.8 NatureWorks PLA Grades for Fiber Application (Data: NatureWorks)

applications

applications

Grade 5051X 6060D 6201D 6202D 6204D 6251D 6302D 6550D 6400D 6751D
Specific 1.24! 1.24' 1.241 1.24! 1.241 1.24! 1.24" 1.241 1.24" 1.241
gravity

Melt index — 10? 15—302 15—307 15—307 70—852 20° 65° 4-82 152

(9/10 min)

Crystalline 145—-155° | 125—135° 160—170° 160—170° 160—170° 160—170° 125—135° 145—-160° 160—170° 150—160°

melt

temperature

(°C)

Glass 55—65* 55—60* 55—60* 55—60* 55—65* 55—60* 55—60* 55—60* 55—60* 55—60*

transition

temperature

C)

Denier per >1.5 >4 >0.5 >0.5 >0.5 1-2 >4 — 10—-20 >1.5

filament

Tenacity (g/ | 2.5-4.0° 3.5° 2.5-5.0° 2.5-5.0° 2.5-5.0° — 3.5° — 2.0-2.4° 2.5-4.0°

d)

Elongation 10-70° 50° 10-70° 10-70° 10-70° — 50° — 10-70° 10—-70°

(%)

Modulus (g/ | 20—40° — 30—-40° 30—40° 30—-40° — — — — 20—-40°

d)

Hot air <8° — 5—15° <8’ 5—15’ — — — — 8

shrinkage

(%)

Application Nonwoven | Low melt binder | Woven and Fiberfill, Woven and Suitable for Low melt binder | For extrusion For bulk Suitable for
spunlace polymer in knitted 100% nonwovens, knitted 100% wipes, polymer in into spunbond continuous nonwoven
wipes a sheath-core continuous agricultural continuous geotextiles, a sheath-core nonwovens filament, tufted | (spunlace

configuration. filament woven, and filament hospital configuration. using carpet-loop/cut | wipes) and
Good for apparel, nonwoven apparel, garments, Good for conventional bi- | pile, broad loom | multifilament
thermal bonded | intimate staple | fabrics, articles | intimate staple | absorbent pad thermal bonded | component PET | carpets and twine
nonwovens blend fabrics, for household blend fabrics, liners, and nonwovens spunbond carpet mats

including blends | disposal including blends | personal equipment,

with cotton, with cotton, hygiene where filament

wool, or other wool, or other products, velocities

fibers; for home fibers; for home | agricultural/ >4000 m/min

furnishings and furnishings and | horticultural

civil engineering civil engineering | products

TASTM D792°ASTM D1238 (210 °C/2.16 kg)°’ASTM D3418°ASTM D3417




Table 2.9 Unitika—Terramac® PLA Grades for Injection Molding

High High Heat- Heat- Heat- High- High-

Basic Impact Impact Resisting Resisting Resisting Durability | Durability

Grade Grade Grade Grade Grade Grade Grade TE- | Grade
Grade ISO | TE-2000 TE-1030 TE-1070 TE-7000 TE-7307 TE-7300 8210 TE-8300
Density 1183 1.25 1.24 1.24 1.27 1.42 1.47 1.42 1.47
Melting point (°C) — | 170 170 170 170 170 170 170 170
Breaking strength 527 | 63 51 34 70 54 54 50 56
(MPa)
Tensile elongation (%) | 527 4 170 >200 2 2 1 2 1
Blending strength 178 | 106 77 50 110 85 98 90 104
(MPa)
Bending modulus 178 4.3 2.6 1.4 4.6 7.5 9.5 6.8 9.3
(GPa)
Charpy impact 179 1.6 23 5.6 2.0 25 2.4 4.0 2.8
strength: with notch
(kJ/m?)
Deflection 75| 58 51 54 11- 120 140 120 140
temperature under
load of 0.45 MPa (°C)
Molding shrinkage (%) — 0.3—-0.5 0.3—-0.5 0.3—-0.5 1.0—1.2 1.0—1.2 1.0—1.2 1.0-1.2 1.0—1.2

9¢
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Table 2.10 Unitika—Terramac® PLA Grades for Extrusion, Blow, and Foam Sheet

Grade ISO | Basic Grade TP-4000 | Soft TP-4030 | Foam HV-6250H
Density 1183 1.25 1.24 1.27
Melting point (°C) — 170 170 170
Breaking strength (MPa) 527 66 50 69
Tensile elongation (%) 527 5 44 2
Bending strength (MPa) 178 108 71 111
Bending modulus (GPa) 178 4.6 2.4 4.7
Charpy impact strength: with 179 1.6 2.6 1.9
notch (kJ/m?)

Deflection temperature under 75 59 52 120
load of 0.45 MPa (°C)

Molding shrinkage (%) — 3—5 3-5 1-3

2.3.2 PLA and Copolymers for
Biomedical Applications

In addition to the usage of PLA for the production
of environmentally friendly domestic articles to
substitute existing petrochemical-based plastic
products, PLA is also widely used in the biomedical
field, for the production of bioresorbable implants
and devices. Most of the PLA in biomedical appli-
cations is produced from L-lactic acid. The implants
made of poly(L-lactide) can be easily degraded and
resorbed by the body through the action of enzymes.
Unfortunately, the stereoisomer D-lactic acid is not
degraded by the body’s enzymes. However, pro-
longed hydrolysis in body fluids eventually breaks
down the bulk of poly(p-lactide). This degradation
mechanism is discussed in Chapter 3.

A considerable amount of PLA copolymer is
synthesized for tissue engineering. The main

Table 2.11 Unitika—Terramac® PLA Grade for
Emulsion

Standard Type
Grade LAE-013N
Solids content 50—-55
concentration (wt%)
pH 3.5-55
Particle diameter (pm) <1
Viscosity (mPa s) 300-500
Lowest film-foaming 60—70
temperature (°C)

objective during the synthesizing of such copolymers
is to fine-tune the period of degradation from weeks
to years [21]. Commonly, the monomer of glycolide
acid and e-caprolactone are copolymerized with
lactide. As can be seen from Table 2.16, when in vitro
at 37 °C, the mass of poly(L-lactide) is significantly
increased after being copolymerized with glycolide
and e-caprolactone. This is very important for the
fabrication of scaffold for tissue engineering and for
wound dressings. The degradation of the copolymer
is designed to couple with the growth of tissue and
the loss of mass and strength of the prescribed
implants. Eventually, the scaffold structure is
substituted by the permanent tissue of the patient.
PLA and its copolymers can be used for a wide
range of biomedical applications such as sutures,
anchors, screws, and scaffolds. They have uses in
oral, orthopedic, auricular, and craniofacial augmen-
tations in plastic surgery (Table 2.17). Screws and
anchors are produced by the injection molding
method, and sutures are manufactured using a fiber
spinning process. Bioresorbable scaffolds are
prepared using a range of techniques, including phase
separation, solvent evaporation, casting/salt leaching,
and fiber bonding to form a polymer mesh. PLA
copolymers are also widely used as a drug carrier
medium (Table 2.18). Such drug carriers contain
active drugs, which can be efficiently delivered to the
target cells and subsequently released at a controlled
rate [23,24]. One of the best-known products on the
market, Zoladex®, is a polylactide-co-glycolide with
a formulation of goserelin as a controlled release drug
for the treatment of breast cancer [25]. Zoladex®



Table 2.12 FKuR Kunststoff GmbH PLA Specification

(*C)

Test Bio-Flex® | Bio-Flex® | Bio-Flex® | Bio-Flex® | Bio-Flex® | Bio-Flex® Bio-Flex®
Grade Method A4100CK | F1110 F 1130 F 2110 F 6510 S 5630 S 6540
Tensile modulus of elasticity ISO 527 1840 230 390 730 2.600 2160 2800
(MPa)
Tensile strength (MPa) ISO 527 44 16 17 20 47 32 31
Tensile strain at tensile ISO 527 5 >300 >300 >300 4 6 5
strength (%)
Tensile stress at break (MPa) | ISO 527 22 No break | No break | No break | 23 29 28
Tensile strain at break (%) ISO 527 12 No break | No break | No break | 19 9 7
Flexural modulus (MPa) ISO 178 1770 215 370 680 2.650 2400 2890
Flexural strain at break (%) ISO 178 No break No break | No break | No break | No break | No break 6
Flexural stress at 3.5% (MPa) | ISO 178 48 6 9 17 64 46 50
Notched impact strength ISO 179-1/ | 3 No break | No break | 83 7 3 3
(Charpy), RT (kJ/m?) 1eA
Impact strength (Charpy), RT | ISO 179-1/ | 44 No break | No break | No break | No break 51 36
(kJ/m?) 1eU
Density (g/cm®) ISO 1183 1.24 1.28 1.40 1.27 1.30 1.55 1.62
Melt temperature (°C) ISO 3146- | >155 >155 >155 145—-160 | 150—170 140—160 110—15-

C
Vicat A softening temperature | ISO 306 44 68 89 78 60 105 105

8¢
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Heat distortion temperature ISO 75 40 n/a n/a n/a n/a 68 n/a
HDT B (°C)
Melt flow rate—190 °C/2.16 g | 1ISO 1133 10—12 2—4 2—4 3-5 2.5—45 10—12 8—10
(9/10 min)
Water vapor (g/m? d) ISO 15 170 — 70 130 130 —
106-3
Oxygen (cm®/(m? d bar)) ISO 15 130 — 850 1450 1.060 —
105-2
Nitrogen—25 pm film (cm®/ DIN 53380- | 65 — 160 230 150 —
(m?/d/bar)) 2
Application Film Film Film Film Film Thermoforming Injection
extrusion extrusion | extrusion | extrusion | extrusion | and injection molding
molding

(a1doy JILOVT)A10d 40 MAIAYAAQ
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Table 2.13 Toyobo PLA Specification

Grade Vyloecol BE-400 Vyloecol BE-600

Form Pellet Sheet

Molecular weight 43,000 25,000

Specific gravity at 30 °C 1.26 1.24

T4 (°C) 50 30

Hydroxyl group value KOH 3 11

(mg/g)

Features and applications General purpose grade, agent for Anchor coating for vapor deposition
various coatings film, anchor coating for printing ink

allows the slow release of the drug, which inhibits the
growth of cancer cells that are hormone dependent.
U.S. Food and Drug Administration also approved
Zoladex® for the treatment of prostate cancer. A
couple of other PLA-copolymer-related drug delivery
systems are widely available on the market.

Table 2.14 Hisun Biomaterial PLA Specification

Purac is the main global company actively
involved in producing biomedical and drug delivery
grade PLA and copolymers; they are marketed as
Purasorb®. Durect Corporation also markets a bio-
absorbable polymer under the trade name Lactel®.
As can be seen from the grade specification of both

Grade Test Method | REVODE201 REVODE101
Specific gravity GB/T1033- 1.25 + 0.05 1.25 + 0.05
1986
Melt index—190 °C/2.16 kg | GB/T3682- 10—-30 2—-10
(g/10 min) 2000
Melting point (°C) GB/ 137—155 140—-155
T19466.3-
2004
Glass transition temperature | GB/ 57-60 57—-60
(°C) T19466.2/
2004
Tensile strength (MPa) GB/T1040- 45 50
1992
Tensile elongation (%) GB/T1040- 3.0 3.0
1992
Impact strength (kJ/m?, GB/T1040- 1-3 1-3
Izod) 1992
Applications For injection molding, Easily processed using
including cutlery, toys, plates, | conventional extrusion
cups, etc. equipment for producing sheet
ranging between 0.2—10 mm
in thickness for
thermoforming. Suitable for
dairy containers, food
serviceware, transparent food
containers, and cold drink
cups




Table 2.15 Futerro PLA Specification

Test Futerro Polylactide Futerro Polylactide Futerro Polylactide
Grade Method —Extrusion Grade —Fiber Melt Spinning Grade | —Injection Grade
Specific gravity at 25 °C ISO 1183 1.24 1.24 1.24
Melt index—190°C/2.16 kg (g/ | ISO 1133 2—4 10—-15 10—30
10 min)
Haze—2 mm (%) ISO <5 <5 <5
14782
Glass transition temperature ISO 52—60 52—60 52—60
(°C) 11357
Crystalline melt temperature ISO 145—-175 145—-175 145—-175
(°C) 11357
Tensile strength at break ISO 527 55 55 55
(MPa)
Tensile yield strength (MPa) ISO 527 60 60 60
Tensile modulus (MPa) ISO 527 3500 3500 3500
Tensile elongation (%) ISO 527 6.0 6.0 6.0
Notched Izod impact (kJ/m?) ISO 180 3.5 3.5 3.5
Flexural yield strength (MPa) | ISO 178 90 90 90

Application

For extrusion and
thermoforming applications

For extrusion into mechanically
drawn staple fibers or
continuous filament. Potential
for woven and knitted apparel,
fabrics or netting for civil
engineering applications

For injection molding
applications with deflection
temperatures <55 °C

(a1doy JILOVT)A10d 40 MAIAYAAQ
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Table 2.16 Physical Properties of Synthetic Biodegradable Polymers Used as Scaffolds in Tissue Engineering [21]

Copolymer of

Copolymer of L-lactide

Poly Poly L-lactide and and e-caprolactone Copolymer of
Polymer Poly(glycolide) | (L-lactide) (e-caprolactone) | glycolide (10:90) (75:25) (L-lactide)
T (°C)? 230 170 60 200 130—-150 90—-120
T, (°C)? 36 56 —60 40 15—-30 -17
Shape Fiber Fiber, Fiber, sponge, Fiber Fiber, sponge, film Fiber, sponge,
sponge, film | film film
Tensile strength | 890 (fiber) 900 (fiber) 10—80 (fiber) 850 (fiber) 500 (fiber) 12 (film)
(MPa)
Young’s 8.4 (fiber) 8.5 (fiber) 0.3—0.4 (fiber) 8.6 (fiber) 4.8 (fiber) 0.9 (film)
modulus (GPa)
Elongation at 30 (fiber) 25 (fiber) 20—120 (fiber) 24 (fiber) 70 (fiber) 600 (fiber)
break (%)
Py’ 2—3 months 3—5 years >5 years 10 weeks 1 year 6—8 months
Piso” 2—3 weeks 6—12months| — 3 weeks 8—10 weeks 4—6 weeks

"Melting poinf?Glass transition temperature®Period until the polymer mass becomes zero (in saline at 37 ° C)*Period until tensile strength of polymers becomes 50% (in saline at 37 °C)

Source: With permission from Marcel Dekker
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Table 2.17 PLA in Biomedical Applications

Polymer

Area of Application

Products

Poly(lactide)

Orthopedic surgery, oral, and maxillofacial
surgery

Takiron: Osteotrans™ MX, Fixsorb™ MX (screws,
nails, pins)

Gunze: Grandfix®, Neofix® (screws, nails, pins)

Arthrex: Bio-Tenodesis® (interference screw), Bio-
Corkscrew® (suture anchor)

Conmed Linvatec: SmartScrew®, SmartNail®,
SmartTack®, SmartPin® BioScrew®

Stryker: Biosteon®, Biozip® (interference screw,
anchor)

Zimmer: Bio-Statak® (suture anchor), prostatic
stent, suture anchor, bone cement plug

Dermik Laboratories: Sculptra® (injectable facial
restoration)

Kensey Nash: EpiGuide®

Poly(p,L-lactide-co-glycolide)

Poly (p,L-lactide-co-glycolide) 85/15
Poly(p,L-lactide-co-glycolide) 82/18
Poly(p,L-lactide-co-glycolide) 10/90

Sutures

Drug delivery

Oral and maxillofacial surgery
General surgery

Sutures, periodontal surgery, general
surgery

USS Sport Medicine: Polysorb™ sutures

Instrument Makar: Biologically Quiet™ (interference
screw) Staple 85/15

Biomet: ALLthread™ LactoSorb®, screw, plates,
mesh, surgical clip, pins, anchor

Ethicon: Vicryl suture, Vicryl mesh

(Continued)
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Table 2.17 PLA in Biomedical Applications—Cont’d

Polymer

Area of Application

Products

Poly(L-lactide-co-p,L-lactide) 98/2
Poly(L-lactide-co-p-lactide) 96/4
Poly(L-lactide-co-b,L-lactide) 50/50
Poly(L-lactide-co-p,L-lactide) 70/30
Poly(p-lactide-co-p,L-lactide-co-L-lactide)

Orthopedic surgery
Oral and maxillofacial surgery

Phusiline® interference screw, Sage
ConMed: Bio-Mini Revo®

Sulzer: Sysorb® screw (50/50)
Geistlich: ResorPin® 70/30

Kensey Nash: Drilac®

Surgical dressing

Poly(p,L-lactide-co-caprolactone)

Nerve regeneration

Ascension Orthopedics: Neurolac®
Polyganics: Vivosorb®

144
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Table 2.18 List of Commercially Available PLA and Copolymer Delivery Carriers and the Corresponding

Therapeutic and Its Indication

Delivery Material Product
System Composition Name Therapeutic Type of Drug: Indications
Microspheres PLA (poly(lactic acid)) | Lupron Depot | Leuprolide Peptide hormone: cancer and
acetate Alzheimer’s
PLGA (polylactide- Eligard Leuprolide Peptide hormone: cancer and
glycolide) acetate Alzheimer’s
Risperdal Risperidone Peptide: schizophrenia
Consta
Trelstar LA Triptorelin Peptide hormone: prostate
pamoate cancer
PLGA-glucose Sandostatin Octreotide Peptide: anti-growth hormone
LAR
Implant PLGA Durin Leuprolide Peptide hormone: cancer and
Alzheimer’s
Zoladex Goserelin Peptide hormone: prostate/
acetate breast cancer
Gel PLGA Oncogel Paclitaxel Small molecule: anticancer

Source: Extracted from Ref. [22]

manufacturers (Tables 2.19—2.21), the PLGA
copolymer is the most widely produced grade. All
grades are tested for their intrinsic viscosities as
guidance on the molecular weight of the synthesized
polymer. This is very important in biomedical
applications, as it ensures the rate of resorption in the
body. When the polymer is exposed to aqueous media
or tissue, the ester linkages of the polymer react with
the absorbed water through a hydrolysis reaction.
Over time, the long polymer chains are broken into
shorter ones to form water-soluble fragments.
Eventually, the water-soluble fragments diffuse away
from the initial polymer structure and finally hydro-
lyze to glycolic and lactic acid for metabolism by the
liver. Generally, the rate of degradation is higher at
low molecular weights and for higher glycolide
content [26]. Overall, PLA and copolymers have
contributed significantly to the medical industry.

2.4 Environmental Profile of PLA

PLA is produced from renewable agricultural
sources, hence it is known for its eco-friendliness.
Though the technology used by NatureWorks for
mass production is from corn, sugarcane is also used
as the input for producing lactic acid. Sugarcane-

based production of lactic acid has been developed
by Purac, with the setting up of a commercial lactic
acid plant in Thailand. In general, PLA is produced
using a direct polycondensation reaction and ring-
opening polymerization approaches. The majority of
commercial producers find that ring-opening poly-
merization is preferable for better control of the
process and better production quality.

In the environmental credit analysis of PLA, there
are two major aspects that need to be considered—the
PLA manufacturing process and the postconsumer
PLA product disposal. Several research projects on
life cycle analysis of PLA mass production have been
conducted in recent years. Two of the life cycle
analyses of PLA production have been undertaken by
NatureWorks and Purac. The objective here is to
summarize these studies rather than directly perform
life cycle analysis of PLA. More detailed information
can be found in the relevant publications [27—30].

2.5 Eco-profile of PLA in Mass
Production

PLA is produced from sugar fermentation by
bacteria. The source of sugar is starch, and this
currently comes mainly from corn and cassava.



46 HaNDBOOK OF BIOPOLYMERS AND BIODEGRADABLE PLASTICS

Table 2.19 Purac Purasorb® PLA for Medical Devices

Inherent Viscosity Midpoint

Grade Structure (di/g)

Purasorb PL 18 Poly(L-lactide) 1.8
Purasorb PL 24 2.4
Purasorb PL 32 3.2
Purasorb PL 38 3.8
Purasorb PL 49 4.9
Purasorb PL 65 6.5
Purasorb PD 24 Poly(p-lactide) 2.4
Purasorb PDL 45 Poly(pL-lactide) 4.5
Purasorb PLDL 8038 80/20 L-lactide/oL-lactide copolymer 3.8
Purasorb PLDL 8058 5.8
Purasorb PLDL 7028 70/30 L-lactide/oL-lactide copolymer 2.8
Purasorb PLDL 7038 3.8
Purasorb PLDL 7060 6.0
Purasorb PLD 9620 96/04 L-lactide/n-lactide copolymer 2.0
Purasorb PLD 9655 5.5
Purasorb PLG 8523 85/15 L-lactide/glycolide copolymer 2.3
Purasorb PLG 8531 3.1
Purasorb PLG 8560 6.0
Purasorb PLG 8218 82/18 L-lactide/glycolide copolymer 1.8
Purasorb PLG 8055 80/20 L-lactide/glycolide copolymer 5.5
Purasorb PLG 1017 10/90 L-lactide/glycolide copolymer 1.7
Purasorb PLC 9517 95/05 L-lactide/caprolactone copolymer 1.7
Purasorb PLC 9538 3.8
Purasorb PLC 8516 85/15 L-lactide/caprolactone copolymer 1.6
Purasorb PLC 7015 70/30 L-lactide/caprolactone copolymer 1.5
Purasorb PDLG 8531 85/15 pL-lactide/glycolide copolymer 3.1
Purasorb PDLG 5010 50/50 pL-lactide/glycolide copolymer 1.0

Nature Works grows corn to produce starch as the input
for their PLA production, while Purac uses cassava to
produce PLA, using the Synbra—Sulzer Chemtech
technology. Both the technologies utilize the fermen-
tation approach to produce lactic acid. This is followed
by transforming lactic acid into lactide and finally
undergoing ring-opening polymerization into PLA.
According to Ref. [30], the initial technology of
NatureWorks required 54.1 MJ of fossil energy to
produce every kilogram of Ingeo” PLA. Fossil
energy is used for running the factory, transportation

of corn to the wet mill, wastewater treatment, etc.
Although the combustion energy of corn residue is
a renewable energy, it merely contributes 34.4% of
the overall energy required (82.5 MJ/kg of PLA) in
the plant. Figure 2.10 shows the gross energy
required to produce PLA by NatureWorks’ first
generation technology. Energy is required to operate
supplies such as fertilizers and pesticides for growing
the corn (total 3.8 MJ/kg of PLA) as well as trans-
portation of the corn to the wet mill and related
wastewater treatment throughout the production
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Table 2.20 Purac Purasorb® PLA for Drug Delivery
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Intrinsic Viscosity Midpoint
Grade Structure (dl/g)
Purasorb PDL 02A—acid terminated | poly(pL-lactide) 0.2
Purasorb PDL 02 0.2
Purasorb PDL 04 0.4
Purasorb PDL 05 0.5
Purasorb PDL 20 2.0
Purasorb PDLG 7502 75/25 pL-lactide/glycolide 0.2
copolymer
Purasorb PDLG 7502A—acid 75/25 pL-lactide/glycolide 0.2
terminated copolymer
Purasorb PDLG 7507 75/25 pL-lactide/glycolide 0.7
copolymer
Purasorb PDLG 5002 50/50 pL-lactide/glycolide 0.2
copolymer
Purasorb PDLG 5002A—acid 50/50 pL-lactide/glycolide 0.2
terminated copolymer
Purasorb PDLG 5004 50/50 pL-lactide/glycolide 04
copolymer
Purasorb PDLG 5004A—acid 50/50 pL-lactide/glycolide 0.4
terminated copolymer
Purasorb PDLG 5010 50/50 pL-lactide/glycolide 1.0
copolymer

Table 2.21 Durect Lactel® Absorbable Polymer

Grade Chemical Name Inherent Viscosity Midpoint (dl/g)
B6017-1 | 50:50 Poly(pL-lactide-co-glycolide) 0.2
B6010-1 | 50:50 Poly(pL-lactide-co-glycolide) 0.4
B6010-2 | 50:50 Poly(pL-lactide-co-glycolide) 0.65
B6010-3 | 50:50 Poly(pL-lactide-glycolide) 0.85
B6001-1 | 65:35 Poly(pL-lactide-co-glycolide) 0.65
B6007-1 | 75:25 Poly(pL-lactide-co-glycolide) 0.65
B6006-1 | 85:15 Poly(pbL-lactide-co-glycolide) 0.65
B6005-1 | Poly(pL-lactide) 0.40
B6005-2 | Poly(pL-lactide) 0.65
B6002-2 | Poly(L-lactide) 1.05
B6013-1 | 50:50 Poly(pL-lactide-co-glycolide) 0.20
B6013-2 | 50:50 Poly(pL-lactide-co-glycolide) 0.65
B6015-1 | 25:75 Poly(pbL-lactide-co-e-caprolactone) 0.8
B6016-1 | 80:20 Poly(pL-lactide-co-e-caprolactone) 0.8
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Figure 2.10 Energy requirement for the production of NatureWorks’ first generation PLA [30]. LA= lactic acid,
WWT= waste water treatment, CWM= corn wet mill. Published with permission of Elsevier.

process. All these operations require an external
supply of energy, because it is not possible to self-
supply using the heat of combustion of the corn
residue. Most people think that PLA is a novel
environmentally friendly polymer. However, this
usage of fossil energy still generates greenhouse
gases. Nevertheless, PLA is still worthy of explora-
tion due to its fully biodegradable nature when
disposed of in the natural environment. In fact, the
biodegradability of PLA is its most important selling
point in the domestic market.

Despite the fact that the gross fossil energy
consumption is considered high (<50% of the total
energy to produce per kilogram of PLA), when
NatureWorks first-generation PLA is compared to
a petrochemical polymer, PLA remains its outstanding
production characteristics [30]. Researchers compared
ten commercially available polymers with first
generation of Ingeo’ " and found that PLA consumed
the least fossil energy (Fig. 2.11). Over the years,
NatureWorks has shown initiative by maximizing the
usage of biomass as well as wind power to reduce
dependence on fossil fuel. NatureWorks has high-
lighted that the advances of second-generation PLA
technology manages to capture more free carbon in the
air. The production of second generation PLA can
achieve a negative emission impact to protect the
environment against global warming. The second
generation Ingeo” production system in 2006 emitted
0.27 kg CO, eq/kg PLA and used 27.2 MJ/kg PLA of
fossil energy. This represents a reduction of 85 and
50% respectively when compared to Ingeo’s 2003 eco-
profile data [29]. In an announcement in early 2009,

NatureWorks claimed that Ingeo " production had
been further improved with greenhouse gas emissions
lowered by 36% and nonrenewable energy utilization
reduced by 44% compared to data from 2005. The
latest Ingeo technology generates 2.24 kg CO, eq/kg
of Ingeo" (Fig. 2.12) and uses 42 MJ of nonrenewable
energy [28]. At the same time, the gross water saving
for the production of PLA is encouraging compared to
the majority of petrochemical polymers (Fig. 2.13).
However, the total gross water required for amorphous
PET production is slightly lower than for PLA. This is
because the production of PLA uses an agricultural
source, which needs water for irrigation. Furthermore,
the fermentation and wastewater treatment also
require plenty of water. Thus, water is considered an
unavoidable input for the production of PLA.

Purac’s technology uses sugarcane as the feed-
stock for lactic acid production. Purac’s lactic acid
facility in Thailand has been in operation since 2007.
The lactic acid is scheduled for conversion into lac-
tide once the new large-scale plant is ready in 2011.
During the developmental stage, most of the lactic
acid has been exported for conversion at Purac’s
lactide plant in Spain. Reference [27] in life cycle
assessment of lactide and PLA production from
sugarcane in Thailand reported that every ton of PLA
emits 500 kg CO,. Although alternative renewable
energy can be obtained through the burning of
sugarcane bagasse—in the range of 17—95 kWh/MT
of sugarcane, Ref. [27] points out that environmental
credit varies, depending on the type of byproducts,
combustion technology, and the mix of energy in
application. In other words, every source of PLA has
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Figure 2.11 Fossil energy requirement for petrochemical polymers and PLA. The cross-hatched area of the bars
represents the fossil energy used as chemical feedstock (i.e., fossil resource to build the polymer chain). The
solid part of the bars represented the gross fossil energy used for the fuels and operation supplies used to drive
the production processes. PC = polycarbonate; HIPS = high-impact polystyrene; GPPS = general purpose poly-
styrene; LDPE = low-density polyethylene; PET SSP = polyethylene terephthalate, solid-state polymerization
(bottle grade); PP = polypropylene; PET AM = polyethylene terephthalate, amorphous (fiber and film grade);
PLA = PLA first generation; PLA B/WP (PLA, biomass/wind power scenario). Adapted from Ref. [30].

From crade to polymer factory gate, kg CO2 eq/kg polymer

Figure 2.12 Contribution of petrochemical polymers and Ingeo™ PLA to global climatic change. Adapted from
Ref. [28].

Figure 2.13 Gross water used in the production of petrochemical polymers and PLA. Adapted from Ref. [30].
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Figure 2.14 Comparison of the most relevant ecological factors involved in the production of PLLA and fossil-
based derived polymers. PED = primary renewable energy; PED nonren = primary nonrenewable energy;
GWP = global warming potential; AP = acidification potential; EP = eutrophication potential; POCP = photo-
chemical ozone creation potential; ADP = abiotic resource depletion potential; HTP = human toxicity potential.

(Adapted from Ref. [27].)

a unique eco-profile. Thus, it is of utmost importance
to develop a green PLA through the careful selection
of processes. The environmental impact of PLA is
shown in Fig. 2.14 together with that of some of the
petrochemical polymers. It is clear that some
ecological aspects of PLA production need
improvement to become greener. The most detri-
mental impact scores of PLA belong to the process of
sugarcane cultivation and transformation into sugar.
In addition, the farming of sugarcane also contributes
significantly to the eutrophication, acidification, and
photochemical ozone creation due to the nitrogen
emission of ammonia-based fertilizers. The
combustion of agricultural residues for the cogen-
eration operation tends to release greenhouse gases
such as NO,, SO,, and CO. Some of the related soil
activity by microorganism can cause emission of
NO, and methane as well. PLA is the one polymer
that causes effects on farmland due to the continuous
replanting, resulting in soil erosion and loss of
natural nutrients. As a result, precautions and envi-
ronmental assessment need to be conducted prior to
deforestation for the farming of sugarcane.

2.6 Environmental Impact of PLA
at the Postconsumer Stage

PLA is a suitable substitute for existing petro-
chemical polymers in the manufacture of cups,
containers, and packaging. PLA is known to
degrade well when disposed along with municipal
waste, and so is less of a burden to the

environment. Unlike petrochemical polymers such
as PE, PP, PET, PC, and PS, which require 100
years to breakdown into harmless substances, PLA
is fully compostable and is accepted as a green
product, especially in Japan, the United States, and
EU countries. Several reports have been published
about the eco-efficiency of PLA postconsumer, and
this has been compared to conventional plastics.
These reports have included PLA cups [31],
clamshells [32], and wrappings [33].

An eco-analysis was carried out comparing four
types of plastic cups—the reusable PC cup, one-
way PP cup, one-way PE-coated cardboard cup, and
one-way PLA cup—used at public events held in
Flanders (Belgium). Vercalsteren et al. [31] pre-
sented their findings in a report to the Flemish
Institute for Technological Research (VITO), which
concluded that there was no obvious indication as to
which cup system had the highest or lowest envi-
ronmental impact. There is no decisive formula that
makes it possible to use all the impact catego-
ries—e.g., carcinogens, ecotoxicity, fossil fuels,
etc.—to indicate which cup system is superior
(Fig. 2.15a). For instance, the PLA cup uses less
fossil fuel than the PP cup; however, the respiratory
effects caused by the inorganics of the PE-coated
cardboard cup remain the highest. The size of the
event also has an effect on the eco-efficiency of the
cups. The PC cup appears to have the lowest
environment impact when used for a small event.
This is due to the reusable nature of PC, which can
be washed by hand, meaning that less water and
detergent is used in the cleaning process. However,



Figure 2.15 (a) Eco-indicator values for the usage of cups at small-scale indoor and large-scale outdoor events. (b) Eco-indicator values for the usage
of cups at small-scale indoor and large-scale outdoor events for PLA6 and PLA/NG. Adapted from Ref. [31].
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Table 2.22 Comparison of the Ecological Aspects of Ingeo™, Virgin PET (VPET), and Recycled PET
(rPET) for Different End-of-Cycle Treatment Approaches under European Union Framework

Treatment Landfill Incineration
Clamshell Ingeo™ | vPET | rPET | Ingeo™ | vPET | rPET
Renewable primary energy (GJ) 0.53 0.02 | 0.02 0.52 0.01 0.02
Nonrenewable primary Energy (GJ) 1.22 1.70 | 1.04 0.96 1.37  0.88
Agquatic eutrophication (g PO,) 9.73 3.81 2.20 6.61 0.68 | 0.62
Acidification (kg SO»,) 0.52 0.34| 0.20 0.49 0.33| 0.19
Climate change (kg CO,) 60.6 77.8 | 49.4 81.8 104 62.7
Fossil resources (kg crude oil) 13.5 26.0 | 14.6 9.9 214 | 12.3

Source: Data extracted from Ref. [32]

the turnover usage of the PC cup is higher at a large
event. Consequently, washing is carried out
frequently, and so the PC cups wear out rapidly and
require regular replacement. Although the PLA cup
has the highest eco-indicator points, PLA is also
likely to be competitive in long-term applications.
This is because PLA technology is still in its
infancy and there will be future improvements to
environmental issues such as acidification/eutro-
phication and the dependence on fossil fuels. Eco-
improvement initiatives conducted by NatureWorks
have proved fruitful for the production of second
generation Ingeo’ (PLAG), the eco-indication
points for which are 20% lower than for the first
generation PLA (PLAS) (Fig. 2.15b). NatureWorks
is currently working on PLA/NG (i.e., next gener-
ation Ingeo' "), which should be an absolutely green
product, for better environmental protection.

The Institute for Energy and Environmental
Research (IFEU), Heidelberg, Germany, has carried
out a head-to-head comparison of the life cycle of
clamshell packaging made of Ingeo ', virgin, and
recycled PET. The report by Kriiger et al. in Ref. [32]
compared the environmental impact according to the
treatment of the respective clamshells using landfill
and incineration approaches. Both methods are
commonly used in Europe and the United States.
Data from the report are summarized in Table 2.22,
and shows that Ingeo " has numerous advantages
compared to virgin PET. The aquatic eutrophication
and acidification of Ingeo " appears to be higher,
mainly due to the production stage involving farming
and soil activity, which generate greenhouse gases.
Although recycled PET seems to be a greener
product compared to PLA, recycled PET is actually

made of virgin PET; thus, the upstream fabrication
process is offset during the virgin PET calculation. It
is confidently believed that Ingeo™ can yield a better
ecological performance in recycled usages as well.
However, this requires a thorough analysis in the near
future. In conclusion, the green status of PLA is
undoubted for sustainable environmental protection.

2.7 Conclusion

PLA has been around for decades, but it is only in
more recent years that the growth in its applications
has expanded rapidly. PLA is a biodegradable poly-
mer that possesses the potential to substitute existing
petroleum-based commodity polymers, to help
overcome the accumulation of plastic waste in
landfills. In addition to use in general and packaging
products, it also has biomedical applications in
surgery, due to its compatibility with living tissue.
PLA is favored because it can be mass produced from
agricultural sources, which are renewable, allowing
society to reduce its dependency on petrochemicals.
Continued research and development has made it
possible to lower greenhouse emissions associated
with the production process. In conclusion, PLA has
got great potential and marketability as a biodegrad-
able polymer for a sustainable future.
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3.1 Introduction

Poly(lactic acid) (PLA) is a biodegradable poly-
mer that has a variety of applications. It has been
widely used in the biomedical and pharmaceutical
fields for several decades due to its biocompatibility
and biodegradability in contact with mammalian
bodies. For many years, however, the application of
PLA was very limited, due to the high cost of
synthesis in the laboratory. For the most part, the
direct polycondensation route (Fig. 3.1) was
employed to produce PLA from lactic acid. The
resultant PLA had a low molecular weight and poor
mechanical properties.

The properties of PLA improved tremendously
with the development of production using ring-
opening polymerization. This route requires an
intermediate substance known as lactide. Lactide is
the cyclic dimers of lactic acid, and it can be in the
form of vr-lactide, L,p-lactide (meso-lactide) and

Glucose

. Lactic acid
fermentation

Route 1 Direct Polycondensation
Route 2 Ring Opening Polymerization

p-lactide stereocomplex (Fig. 3.2). Nowadays, the
synthesis of PLA rarely starts from chemically
synthesized lactic acid. The lactic acid used is yiel-
ded from the fermentation of carbohydrates such as
starch and cellulose. A large proportion is derived
from the crops corn and cassava. Microorganism-
based fermentation yields mainly r-lactic acid.
Currently, the NatureWorks is the largest producer
of PLA for domestic applications. NatureWorks
employs lactide ring-opening polymerization for the
mass production of 140,000 MT per year of PLA,
which is branded as Ingeo” . NatureWorks’ PLA is
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O O & O O O O &
(l; Ic—CH3 cl; (|;<H (l: (|:<H
HimmC. C Hiimm:C. C H,Clinm-C C
NAT TN ~NAC X 3 ~NA7 X
he? 07 o o o7 o W Yo7 o
L-Lactide | meso-Lactide | | p-Lactide |

Figure 3.2 p-Lactide stereocomplex.

Polylactide

> Polylactic acid

Figure 3.1 General route of PLA production.
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Table 3.1 Domestic Applications of PLA

Manufacturer/User
Application (Product) Description lllustrations
Apparel Mill Direct Apparel PLA fiber is used as a material for making garments. According to
(jackets, caps, polo [1]; substitution of 10,000 polyester performance sports shirts with
shirts), Codiceasbarre the usage of Ingeo™ can help to save fossil fuels equating to 540
(shirts), Gattinoni gal gas/greenhouse gas emissions or 11,500 miles of driving a car.
(wedding dresses), Apparel made of PLA has excellent wicking properties and has low
Descente moisture and odor retention. It is hypoallergenic, eliciting no skin
(sportswear), etc. irritation. For apparel, Ingeo™ can be blended with a maximum of
67% natural, cellulosic or man-made fiber to achieve a variety of
properties.
Bottles Shiseido-Urara PLA is known to be suitable for making bottles. Most of the PLA =
(shampoo bottles), grades are suitable for application at or slightly above the room N

Polenghi LAS (lemon
juice bottles),
Sant’Anna (mineral
water bottles), etc.

temperature. This is because PLA bottles tend to deform at
temperatures of 50—60 °C [2], i.e., the glass transition temperature
(Ty) of PLA. When the temperature reaches Tg, the amorphous
chain mobility of the plastic starts to increase significantly. The PLA
material, which is glassy and rigid at room temperature, gradually
turns mobile and rubbery at Ty. However, PLA bottles have
excellent gloss, transparency, and clarity—equal to polyethylene
terephthalate (PET). The PLA also has exceptional flavor and
aroma barrier properties. The substitution of 100,000 32-0z juice
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Manufacturer/User
Application (Product) Description lllustrations
bottles can save fossil fuels equating to 1160 gal of greenhouse
gases or a car traveling for 23,800 miles [3].
Cups and food Fabri-Kal (cold drink This is one of the most important applications of PLA. PLA is used T
serviceware cups and lids), Coca- for these applications in order to reduce the volume of
Cola (lining of paper nondegradable disposable food serviceware, such as cups, plates, 7
hot cups), Avianca (in- utensils, and cutlery going to landfill. Conventionally, polystyrene
flight cold drink cups), and polypropylene have been widely used for making food L
StalkMarket (cutlery serviceware due to their low cost, light weight, and acceptable ;
sets), etc. properties. PLA is a good alternative; it has excellent gloss, clarity,
printability, and rigidity. It has good barrier properties with grease,
oil, and moisture, and has the flexibility to adapt with high
production plastic technologies, such as injection molding and
thermoforming. PLA is also suitable for coating or lining paper cups.
The environmentally friendly characteristics of PLA means that it
can help to save 5950 gal of gas/greenhouse gas emissions for
(Continued)
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Table 3.1 Domestic Applications of PLA—Cont’d

Application

Manufacturer/User
(Product)

Description

Illustrations

every million of cups, forks, spoons, and knives, when substituting
petrochemical polymers [4].

Food packaging

Lindar (thermoform
container), InnoWare
Plastics (thermoform
container), Carrefour
Belgium (grocery
bags), etc.

PLA is suitable to be used for light weight and transparent food
packaging containers. It is highly glossy and can be easily
printed—equal to the existing materials, such as polystyrene,
polyethylene, and polyethylene terephthalate. Container lidding
made from PLA is compostable and renewable; typical lidding
applications include yogurt pots, sandwich containers, and fresh
food trays for fruits, pastas, cheeses, and other delicatessen
products. The design solution of compostable delicatessen lidding
of NatureWorks® PLA is shown.

The advantages of this lidding design are: superior flavor and
aroma barrier up to 47 °C, with strong resistance to most oils and
fats in contact with food products [5]. The heating sealing can be
done at temperatures as low as 80 °C with the heat seal strength
>1.5 Ib/in. PLA has good compatibility with many ink formulations
with a natural surface energy of 38 dyne/cm?. Additional treatment
with both corona and flame can further enhance surface energy to
over 50 dyne/cmz. The conversion of 250,000 medium-sized deli

8¢
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Manufacturer/User
Application (Product) Description lllustrations
containers to PLA can save 3000 gal of gas/greenhouse gas
emissions progressively [6].

Films Frito-Lay (SunChip), PLA films are made for bakery goods, confectionery, salads, shrink
Walmart (salad wrap, envelope windows, laminated coatings, multilayer
packaging), Naturally performance packaging, etc. PLA can be made into biaxially
lowa (EarthFirst® oriented plastic film for packaging bags. PLA plastic bags take
shrink sleeve label), a few months to fully degrade when buried in compost. The
etc. thickness of the film affects the rate of degradation and mass

losses. PLA marketed by NatureWorks is specially made for
processing using the blown film equipment for low-density
polyethylene film. It can be also processed using the oriented
polypropylene facility with minor modifications to setting. Every
year, millions of plastic bags are disposed of, causing white
pollution to the ground and water. The substitution of petroleum-
based plastic bags for PLA bags can make significant
environmental savings. The replacement of 20 million medium
salad package bags can help to save fossil fuel equal to 29,200 gal
of greenhouse gas emissions [7].

Cards for Apple Store (iTunes), Transaction cards made of PLA are as durable as polyethylene,

transactions

The Plastic Card
Shop® (gift card), etc.

polyvinyl chloride (PVC), or polyethylene terephthalate. Most of the
existing plastic cards are made for single use, such as gift cards or
prepaid top-up cards. There are millions of regular hotel key cards,
and loyalty and transaction cards produced every year. PLA cards
have good adaptability to cope with security features and magnetic
strips. They have durable characteristics and can be film-
laminated. Water-based acrylic and solvent-based nitrocellulose
and polyamide are the suitable inks for printing onto PLA cards. By
converting 40 million plastic cards to PLA, this can make an

(Continued)
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Table 3.1 Domestic Applications of PLA—Cont'd

Application

Manufacturer/User
(Product)

Description

lllustrations

environmental saving equivalent to 20,800 gal of gas/greenhouse
gas emissions or a car traveling 691,700 miles [8].

Rigid consumer
goods

Bioserie (iPod and
iPad covers), Henkel
(correction roller and
stationery), NEC
(Nucycle desktop
computer), Cargo
(lipstick case)

PLA is widely used as the casing for electronic devices, cosmetics,
and stationary. The rigid character of PLA can provide protection to
enclosures for highly sensitive products, such as electronics and
cosmetics. There are a few grades of PLA on the market specially
designed for high-impact and heat-stable applications. PLA is
readily coupled with fibers to form composites for extreme
applications. Potential applications for PLA composite include
computer casings with good stiffness. PLA is very important for
electronics industry nowadays, because the development and
turnover of electronic appliances is tremendous. A handheld device
can become outdated because of embedded software in a single
year. Every year, millions of mobile phone casings are disposed.
Every 1,000,000 casings generate 6,400 gal of greenhouse gas
emissions. Laptop cases, disposable razors, pens, cosmetic
containers, etc. all put burden on landfill. Substitution of
petrochemical-based plastics with PLA can reduce the volume of
waste in landfill sites due to the biodegradability of PLA. Life cycle
analysis demonstrates that a desktop computer with PLA content
(~75% plant based) offers a significant carbon footprint reduction,
lowering CO, emissions by around 50% compared to the
petroleum-based polycarbonate/ABS blends.
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Application

Manufacturer/User
(Product)

Description

lllustrations

Home textiles

Eco-centric (cushion),
Ahlstrom (tea bag),
Natural Living®
(mattress topper), etc.

PLA can be transformed into fiber to substitute existing PET
products, such as fabrics. PLA in this form has equally good
breathability and comfort. It has outstanding moisture management
properties and good thermoregulating characteristics. PLA fabric is
easy to care for quick drying and requires no ironing. In

a comparison of PLA fiber with soy and bamboo fibers to determine
the percentage of shrinkage after washing and tumble drying
following the AATCC 135-2004 IlIA [9], PLA fiber showed

a reduction of 2.2% in length after three washes, while soy and
bamboo fibers reduced by 15.0% and 17.2 %, respectively [10].
Although bamboo, soy, and PLA are all biodegradable and
agriculturally derived, PLA fiber tends to show superior properties.

(a10y DI1LOVT)AT0J 40 SNOILVOITddY

Nonwoven
products

GroVia (diapers),
Elements Naturals®
(baby wipes),
Renewable Fiber LLC
(shopping bags), etc.

Many nonwoven products can be made from PLA instead of PET
and polypropylene. Existing synthetic nonwoven products, such as
diapers, baby wipes, sanitary pads, and shopping bags, require

hundreds of years to degrade after landfill burial. PLA is favorable
because it can be spun into fibers. It has low flammability, with

a limiting oxygen index of 26, high resilience and excellent wicking.
It has also been found that PLA fibers exhibit 20% and 45% higher

extension than wool and cotton, respectively [11]. It has been
shown in tests that PLA does not cause irritation to the mammalian
body [12]. When 1 million diapers are converted from PET and
(Continued)
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Table 3.1 Domestic Applications of PLA—Cont'd

NatureTRAY food
tray),

Dyne-a-pak Inc.
(Dyne-a-pak Nature™
meat foam tray), etc.

“Styrofoam” is the well-known foam tray made from polystyrene.
This type of polystyrene is cheap but nondegradable. Recycling of
foam trays is not a profitable business because the collection
volume is large in order to rework it into a small amount of dense
resin. The density of Styrofoam is 0.025 g/cm® compared to virgin
polystyrene resin, which is 1.05 g/cm®. This means that 42 foam
trays are needed to revert to the original dense polystyrene. PLA is
a good replacement because the disposed PLA foam tray can be
composted easily without causing adverse effects to the
environment. Moreover, the compostable nature of PLA provides
enriching nutrients when buried in soil.

Manufacturer/User
Application (Product) Description lllustrations
polypropylene to PLA, it can help to save fossil fuel equivalent to
1,000 gal of gas/greenhouse gas emissions or driving a car for
12,800 miles.
Foam trays Sealed Air (Cryovac® Foam trays are important in packaging, especially for fresh food.
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Application

Manufacturer/User
(Product)

Description

lllustrations

Expanded foam

Foam Fabricator, Inc.
(expandable foam for
cushioning)

The technology was developed by Biopolymers Network, and the
work received the “Best Innovations in Bioplastics Award” at the
Annual European Bioplastics Conference. The technology relies on
the application of an expansion agent of CO,, which is a safer
substance compared to expandable polystyrene using pentane as
the expansion agent. The compostability of the expanded PLA
foam provides an environmentally friendly solution to the electrical
and electronics industry, which uses expanded foam as

a cushioning material during shipping.

Children’s toys

Kik&Boo (soft toy
filled with PLA fiber)

PLA can be used to make both rigid and soft toys for children. In
one example, the fabric of the soft toy is produced from woven PLA
fiber, while the soft toy is filled with PLA fiber padding. Both soft and
rigid toys made of PLA are washable and hygienic. The production
of PLA does not involve toxic petrochemicals; thus, it reduces the
exposure of the children to toxins.

Fashion products

Fashion Helmet
(designer helmet),
Rizieri (ladies shoes),
etc.

Environmentally friendly PLA can be used to produce typical parts
of the helmet. This is only limited by the artistic design; the outer part
of the helmet is covered with PLA-calendered cloth. Similarly, the
ladies fashion brand, Rizieri, of Milan, Italy, has created an
innovation known as “Zero Impact,” involving models of
“handmade” products based on PLA or Ingeo® fabric. These
products have all the delicacy of silk to the touch.
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Table 3.2 Engineering and Agricultural Applications of PLA

Application

Manufacturer/User
(Product)

Description

Illustrations

Engineering materials

Singoshu (Lactboard® for
draining plate)

Drainage material is used in construction
ground works to reduce or eliminate hydrostatic
pressure while improving the stability of the
enclosed materials. PLA drainage material has
good workability for soft ground with sufficient
permeability and tensile strength. The favorable
biodegradability of PLA enables the drainage
material to return to nature safely. In other
words, after the consolidation period, PLA can
reduce the load on the surrounding
environment and be detoxified. The PLA
material can become impaired after completion
of the shield for excavation and underground
construction consolidation settlement.

Automotives

Toyota (floor mat of Toyota
Prius and spare tire cover),
Toray (fiber for car mat), etc.

The automotive industry uses large quantities
of plastics, especially polyethylene, polyvinyl
chloride (PVC), and acrylonitrile-butadiene-
styrene (ABS), which are derived from
nonrenewable petroleum sources. The levels of
recycled plastics in use are as low as 30% (by
weight); the remaining are virgin polymers.
When the car is disposed of, the percentage of
plastic recycled from it can be as low as 20%.
This means that a large volume of automotive
plastics eventually end up polluting the
environment. PLA is an environmentally friendly
material for automotive applications. This is
particularly important for those parts that cannot
be recycled, such as car mats and cushion
fabrics. The rigidity of PLA is an advantage for
external cover applications. Although PLA is
biodegradable, the rate of degradation is low
and requires high moisture conditions to initiate
the hydrolysis process (the depolymerization
reaction). The involvement of microorganisms
takes part only after the depolymerization
reaction transforms the material to low-
molecular-weight oligomer lactate. Normally,
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Application

Manufacturer/User
(Product)

Description

Illustrations

this process takes time, and this exceeds the
lifetime of the products.

Building materials

LG Hausys (laminated
flooring and wallpapers),
Saint Maclou (carpets),
Sommer Needlepunch
(Eco2punch® carpets), etc.

Most PLA products in the construction industry
are related to flooring. Products include carpet,
laminated flooring materials, and wallpapers.
PLA in this area is aimed at substituting PVC,
which dominates as a building material. One of
the problems of PVC is that its processing
requires plasticizers, which increases
flammability. Consequently, halogen flame
retardants are added to achieve better fire
resistance. In contrast, PLA is derived from
agricultural sources, and involves less toxic
substances during processing stage. Most of
the building materials made of PLA can last well
when well maintained. These PLA products can
be disposed without causing serious pollution to
the environment at the end of life.

Electrical and
electronics

Fujikura (conductor cable
coating), Renesas (computer
network device casing), ABB
(socket casing), etc.

The usage of PLA in the electrical industry is
still in the developing stage. PLA can be used
as the coating agent for conductor wire. It can
also be easily formed into rigid casing for socket
and plug applications. Reference [13]
compared PLA with polyethylene and polyvinyl
chloride (PVC) and found that the resistivity of
PLA (4.3 x 1017 Qcm) is higher than
polyethylene (>1016 cm) and PVC (1011
—1014 Qcm). The dielectric dissipation factor of
the three polymers are PLA = 0.01%,
polyethylene = 0.01%, and PVC = 0.10%.
Generally, PLA has equally good electrical
properties as other commodity polymers used
in the electric and electronics industries. (See
Table 3.3 for a comparison of PLA and PVC
cable.)

(Continued)
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Table 3.2 Engineering and Agricultural Applications of PLA—Cont'd

Flex mulch film), Desch
Plantpak B.V. (D-Grade® Bio
thermoformed flower pot, trays
and packs), BASF (Ecoflex®
mulch film)

favorable in agricultural applications. This is
because PLA can be well composted without
leaving harmful residues in the soil. PLA mulch
film can provide soil protection, weed
management, fertilizer retention, etc. Over time,
the mulch films slowly degrade and finally
decompose when the crops reach the harvest
period. This eliminates the need for farmers to
collect and dispose the used mulch film. The
composted PLA mulch film also provides soil
nutrients. Flower pots made of PLA can be
buried in soil and left there to degrade when the
plant is ready to be planted in the ground.

Manufacturer/User
Application (Product) Description lllustrations
Agricultural FKuR Kunststoff GmbH (Bio- The biodegradable characteristic of PLA is
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APPLICATIONS OF PoLy(LACTIC ACID)

produced mainly for biodegradable packaging,
containers, clothing, fibers, etc. Purac is the major
producer of PLA for the biomedical and pharma-
ceutical industries.

In this section the product applications of PLA are
summarized. The applications of PLA can be grou-
ped into three main categories: domestic, pharma-
ceutical/biomedical, and engineering. Products, trade
names, and producers have been included where
useful. The intention is not to advertise but rather to
provide supportive information and references.

3.2 Poly(lactic Acid) for Domestic
Applications

Most of the PLA produced worldwide is made for
domestic applications, such as apparel, bottles, cups,
and food serviceware (Table 3.1). All these PLA
products are targeted to substitute the existing
petrochemical polymers, with the advantage that the
PLA products have environmentally friendly
production and are biodegradable upon disposal.

67

3.3 Poly(lactic Acid) for
Engineering and Agricultural
Applications

PLA is suitable for typical engineering applica-
tions that impose environmental burdens at the end of
life. The rigidity of PLA can ensure good mechanical
properties during applications, and yet it can easily
undergo biodegradation after disposal. The use of
PLA for essential engineering parts is limited. The
use of PLA is mostly focused on secondary appli-
cations as listed in Table 3.2. In relation to its use in
electronics and electrical applications, Table 3.3 sets
out a comparison of PLA and PVC-coated cables.

3.4 Poly(lactic Acid) for
Biomedical Applications

In the early days of PLA development, most of its
applications were in the biomedical field. PLA
continues to be used in this arena (Table 3.4). It
is widely used in scaffolds to provide temporary

Table 3.3 Evaluation of PLA-Coated Cable in Comparison with PVC-Coated Cable [1]

Plasticized PLA with 600 V PVC Cable (IV)

V¥ : Elongation = 12%

V¥ : Elongation = 25%

Item/Cable Pure PLA Flexibility JIS C 3307
Extrusion =: Excellent appearance A Excellent -

A: Void in surface appearance

between conductor and =: Analogous with pure

insulation PLA
Bending V¥ : Whitening at 10 times A : Whitening at 2 times -

bending and cracking at 4 bending

times bending =: No cracking at self-

diameter bending

Tensile =: Strength = 59 MPa =: Strength = 43 MPa Strength > 10 MPa

Elongation > 100%

Heat deformation

©: 60—120 °C = reduction
< 10%

©:60—90 °C =
reduction < 10%

¥ : 120 °C = reduction
58%

Thickness reduction
less than 50%

Electrical

©:tan d =0.35%, [1 =3.2
©@:p =27 x 10'® Qcm

V:tand=2.31%, [ =
4.1
» p=4.6x 10"° Qcm

p=5x 10" Qcm

Dielectric breakdown

@: 35—45 kV (0.7 mm
thickness)

©: 45—50 kV (0.7 mm
thickness)

Withstand voltage test
1.5 kV x 1 min

Dielectric breakdown
with bending

V¥ : Cracking at 4 times
bending

= 25 KV at self-diameter
bending




68

Table 3.4 Biomedical Applications of PLA

HaNDBOOK OF BIOPOLYMERS AND BIODEGRADABLE PLASTICS

cement plug), Ethicon
(Vicryl suture and Vicryl
mesh) and Sulzer
(Sysorb® screw), etc.

compatible with living tissue.
However, this is limited to the L
stereoisomer of PLA because
mammalian bodies only produce an
enzyme that breaks down this one.
PLA and PLGA are used to fabricate
screws, pins, scaffolds, etc., to
provide a temporary structure for the
growth of tissue, eventually breaking
down after a certain period. The
purpose of copolymerizing with
comonomer glycolide is to control
the rate of degradation through the
modification of crystallization.
Sometimes, L and b isomers of
lactides are copolymerized for this
purpose. Although poly(p-lactic acid)
cannot be consumed by the body’s
enzymes prolonged exposure to
body fluid tends to initiate hydrolysis,
which eventually breaks down the
macromolecules. Orthopedic
surgery often uses PLA and
copolymers to fabricate artificial
bones and joints. PLA has been
used to make surgical sutures for
decades. In short, PLA is an
important material for biomedical
surgical applications.

Manufacturer/User
Application (Product) Description lllustrations
Surgical Zimmer (Bio-Statak® PLA and its copolymer PLGA
implants suture anchor and bone (polylactide-co-glycolide) are

Drug carrier

Abbott (Lupron Depot®
for palliative treatment of
advanced prostate
cancer), AstraZeneca UK
Limited (Zoladex®, an
injectable hormonal
treatment for men with
certain types of prostate
cancer), Janssen
Pharmaceuticals
(Risperdal® Consta®, for
treatment of
schizophrenia and for the
long-term treatment of
bipolar | disorder), etc.

Most of the PLA drug carriers on the
market are available in the
copolymer form. This is due to the
fact that high purity PLA possesses
high crystallinity and takes a longer
time to degrade while releasing
active drugs. The majority of PLA
drug carriers are copolymerized with
different percentages of polyglycolic
acid (PGA). Normally, such drug
carriers slowly release the
medication for long-term treatments.
For instance, leuprolide acetate
applied with a miscrosphere delivery
system of PLA and PLGA is used for
the treatment of cancer and fibroids.
PLGA (polylactide-co-glycolide) can
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Manufacturer/User

Application (Product)

Description

lllustrations

be used in the form of implants and
gels with the therapeutics goserelin
acetate and paclitaxel for the
treatment of prostate/breast cancer,
or other anticancer drugs.

structural support for the attachment and growth of
tissues in surgery. It is also used as a drug carrier,
containing controlled release active agents for long-
term treatments, including for cancer.

3.5 Conclusion

PLA is a very useful polymer that has found
applications in a wide range of industries. PLA is well
positioned in a niche market because of its biode-
gradable and environmentally friendly characteristics.
Its applications in the biomedical and pharmaceutical
field can be traced back several decades. The devel-
opment of PLA applications in recent years mainly
relates to environmental concerns and the adverse
effects of using nondegradable petrochemical-based
polymers. The use of PLA has grown well in the
domestic market for general consumer goods and,
importantly, in biodegradable packaging. The devel-
opment of PLA is forecast to grow tremendously in
future, making the price of PLA as economical as
commodity plastics, but with benefit of being kinder
to the environment.
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4.1 The Context

The biosynthesis of macromolecules through
enzymatic bacterial and chemical polymerizations
of specific molecular structures constitutes a key
step in the evolution of living organisms. Natural
polymers have therefore been around for a very
long time and always constituted one of the essen-
tial ingredients of sustainability, first and foremost
as food, but also as shelter, clothing, and source of
energy. These renewable resources have also played
an increasingly important role as materials for
humanity through their exploitation in a progres-
sively more elaborated fashion. The ever improving
technologies associated with papermaking, textile
and wood processing, vegetable oils, starch and
gelatin utilization, the manufacture of adhesives,
etc. represent clear examples of the progressive
sophistication with which man has made good
use of these natural polymers throughout the
millennia. Concurrently, natural monomers have

been polymerized empirically for equally long
periods for applications such as coatings, paint and
ink setting, leather tanning, etc.

The progress of chemistry, associated with the
industrial revolution, created a new scope for the
preparation of novel polymeric materials based on
renewable resources, first through the chemical
modification of natural polymers from the mid-
nineteenth century, which gave rise to the first
commercial thermoplastic materials, like cellulose
acetate and nitrate, and the first elastomers, through
the vulcanization of natural rubber. Later, these
processes were complemented by approaches based
on the controlled polymerization of a variety of
natural monomers and oligomers, including terpenes,
polyphenols, and rosins. A further development
called upon chemical technologies that transformed
renewable resources to produce novel monomeric
species like furfuryl alcohol.

The beginning of the twentieth century witnessed
the birth of a novel class of materials, the synthetic

Ebnesajjad: Handbook of Biopolymers and Biodegradable Plastics. http://dx.doi.org/10.1016/B978-1-4557-2834-3.00004-5
© 2013 Elsevier Inc. All rights reserved. Adapted from a chapter in: Belgacem, Monomers, Polymers and Composites from Renewable Resources (2008). 71
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polymers based on monomers derived from fossil
resources, but the progress associated with them was
relatively slow up to the Second World War and did
not affect substantially the production and scope of
the naturally based counterparts. Some hybrid
materials, arising from the copolymerization between
both types of monomers, were also developed at this
stage as in the case of the first alkyd resins. Inter-
estingly, both monomers used in the first process to
synthesize Nylon in the late thirties were prepared
from furfural, an industrial commodity obtained from
renewable resources, in a joint venture between
Quaker Oats and DuPont.

The petrochemical boom of the second half of the
last century produced a spectacular diversification in
the structures available through industrial organic
chemistry. Among these, monomers played a very
significant role, as is clear from the high percentage of
such structures represented in the list of the most
important chemical commodities in world produc-
tion. The availability of a growing number of cheap
chemicals suitable for the production of macromo-
lecular materials gave birth to “the plastic age,” in
which we still live today, with of course greatly
enhanced quantitative and qualitative features.

This prodigious scientific and technical upsurge
went to the detriment of any substantial progress in
the realm of polymers from renewable resources. In
other words, although these materials never ceased to
exist, very modest investments were devoted to their
development, compared with the astronomical sums
invested in petrochemistry. As a consequence,
although cotton, wool, and silk textiles are still
plentiful, the competition of synthetic fibers has not
stopped growing. Likewise, the application of natural
rubber is very modest today, compared with its
synthetic counterparts, not only in relative tonnage,
but also in the continuously widening degree of
sophistication associated with the properties of the
latter materials. In virtually all other domains asso-
ciated with polymeric materials, the present contri-
bution of structures derived from renewable
resources is very modest and has not played an
appreciable role in terms of bringing about specific
functional properties. On the other hand, paper has
resisted all attempts to be replaced by synthetic
polymers, although these have been playing
a growing role as bulk and surface additives, albeit
without modifying the essential constitution of this
material, which still relies on the random assembly of
cellulose fibers.

We are deeply convinced that this state of affairs
has nothing to do with any consideration of relative
merits associated with the different structures and
chemical processes involved in either context. Its
origin is instead to be found in a purely economic
aspect, i.e., in the enormous difference in investment
that favored petrochemistry for the last half century,
which was also the period when the chemical
industry witnessed its fastest progress ever. The
choice to finance R&D activities in polymers derived
from fossil resources in a massive way was to the
benefit of the corresponding materials as we know
them today. This objective situation, however, does
not prove anything against the potential interest of
alternative counterparts made from renewable
resources, simply because no such investments were
ever made to that effect.

Should fossil resources be available for us to
exploit for centuries to come, the above arguments
would sound like a futile exercise in style. Their
validity stems precisely and primarily from the very
fact that fossil resources are dwindling and becoming
progressively more expensive. Furthermore, they are
not a commonly shared richness, since their global
distribution is totally uneven, which implies that
certain countries are heavily dependent on others in
this respect. These problems are of course affecting
the energy outlook in the first instance, since some
95% of the fossil resources are used as fuel, but the
looming crisis will inevitably affect the correspond-
ing chemical industry as well.

The purpose here is to show succinctly through the
wide spectrum of materials already potentially
available, that renewable resources are perfectly apt
to provide as rich a variety of monomers and poly-
mers as that currently available from petrochemistry.
Implicit in this statement is the condition that
substantial investments should be placed in the future
to carry out the required research.

If, on the one hand, it is encouraging to see a very
impressive increase in this type of activity world-
wide, the situation relative to petrochemistry, on the
other hand, is still at a very low level of competi-
tiveness. Qualitatively, a change in awareness has
indeed taken place, parallel to the preoccupation
surrounding the energy issues. This chapter is
intended to amplify these promising initial stirrings
by providing very sound examples of what can be
achieved thanks to this alternative strategy.

Renewable resources are intrinsically valuable in
this realm because of their ubiquitous character,
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which gives any society precious elements of
sustainability, including with respect to polymeric
materials. In all the topics, emphasis is made,
explicitly or implicitly, to the essential fact that the
specific sources utilized for the purpose of producing
new polymers, are taken neither from food nor from
natural materials, but instead from by-products of
agricultural, forestry, husbandry, and marine activi-
ties. One of the best examples of this strategy is the
production of furfural, since it can be carried out
industrially virtually anywhere in the world, given
the fact that any vegetable by-product containing
pentoses represents an excellent raw material for its
synthesis.

The term “renewable resource” is defined as any
animal or vegetable species which is exploited
without endangering its survival and which is
renewed by biological (short term) instead of
geochemical (very long term) activities.

4.2 Vegetable Resources

It is estimated that the world vegetable biomass
amounts to about 10'® tons and that solar energy
renews about 3% of it per annum. Given its funda-
mental role in the maintenance of the oxygen level,
the principle of sustainability limits its exploitation at
most to that renewed percentage. Vegetable biomass
can be divided into wood, annual plants, and algae.

4.2.1 Wood

Wood is the most abundant representative of the
vegetable realm and constitutes the paradigm of
a composite material. It displays, on the one hand,
a basic universal qualitative composition in terms of
its major constituents (cellulose, lignin, hemi-
celluloses, and polyphenols) and, on the other hand,
species-specific components, which can be poly-
meric, like polyisoprene (natural rubber) and suberin,
or small molecules, like terpenes, steroids, etc. An
example of its morphology is shown in Fig. 4.1,
which illustrates the role of the three basic compo-
nents respectively as the matrix (lignin), the rein-
forcing elements (cellulose fibers), and the interfacial
compatibilizer (hemicelluloses). The middle lamella
(0.5—2 wpm) is mainly composed of lignin (70%),
associated with small amounts of hemicelluloses,
pectins, and cellulose. The primary wall, often hard
to distinguish from the middle lamella, is very thin
(30—100 nm) and is composed of lignins (50%),

534>

Secondary wall S, —>

Microfibrils
S1 e
Primary wall \

Middle lamella

Figure 4.1 Typical morphology of a wood fiber.

pectins, and hemicelluloses. The secondary wall is
the main part of the vegetal fibers. Its essential
component is cellulose and it bears three layers,
namely the external S; (100—200 nm), the central S,
(the thickest layer of 0.5—8 wm), and the internal or
tertiary layer S3 (70—100 nm) situated close to the
lumen.

Wood is the structural aerial component of trees.
The rest of their anatomy, namely roots, leaves,
flowers, and fruits, are not relevant to the aim of this
book, and will therefore not be dealt with.

Cellulose dominates the wood composition,
although its proportion with respect to the other main
components can vary appreciably from species to
species. Conversely, polyphenols are the least-abun-
dant components and moreover can exhibit quite
different structures. As for lignins and hemi-
celluloses, their relative abundance and their detailed
structures are essentially determined by the wood
family: softwoods are richer in lignins, whereas,
hardwoods are richer in hemicelluloses. These three
basic polymeric components represent fundamental
sources of interesting materials and are thoroughly
examined in this context, in specific chapters of this
book, which focus their attention on the exploitation
of these natural polymers after appropriate chemical
treatment, with the aim of obtaining novel polymeric
materials. The uses of wood itself as a structural
material, as a source of furniture or flake boards, and
as a raw material in pulping will not be treated here,
because these applications call upon the exploitation
of this fundamental natural resource through well
established technologies. Obviously, all these
processes undergo regular improvement in their
chemistry and engineering, but we deemed that their
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inclusion in the present treaty would have unduly
overcharged its contents. The interested reader will
find excellent monographs on each topic, going from
introductory texts to highly specialized books [1—6].

The only area in which wood-related materials are
witnessing important research contributions concerns
their physical and chemical modification, in order to
protect them against degradation by various reagents
or to obtain novel properties such as a thermoplastic
behavior.

The traditional uses of cellulose, like papermaking
and cotton textiles, whose technologies are very
thoroughly documented [7—10], are not relevant
here. As for those cellulose derivatives which have
been exploited for a very long time, like some
cellulose esters and ethers, again a systematic treat-
ment of the corresponding processes and properties
are available [11—13].

4.2.1.1 Cellulose

Virtually all the natural manifestations of cellulose
are in the form of semicrystalline fibers whose
morphology and aspect ratio can vary greatly from
species to species, as shown in Fig. 4.2. The subunits
of each individual fiber are the microfibrils, which in
turn are made up of highly regular macromolecular
strands bearing the cellobiose monomer unit, as
shown in Fig. 4.3.

The interest of cellulose as a source of novel
materials is reflected in this book through chapters
dealing, respectively, with (i) the chemical bulk
modification for the preparation of original macro-
molecular derivatives with specific functional prop-
erties; (ii) the surface modification of cellulose fibers
in view of their use as reinforcing elements in
composite materials and as high-tech components;
(iii) the processing and characterization of these
composites, including the use of nanofibers; and (iv)

Figure 4.2 Cotton, pine, and fir
fibers.

the technology and applications associated with
bacterial cellulose. These contributions clearly show
that cellulose, the most abundant and historically the
most thoroughly exploited natural polymer, still
provides new stimulating avenues of valorization in
materials science and technology.

4.2.1.2 Lignins

Lignin, the amorphous matrix of wood, is char-
acterized by a highly irregular structure compared
with that of cellulose, and is moreover known to vary
considerably as a function of wood family (in situ)
and of the isolation process, which always involves
a depolymerization mechanism. Figure 4.4 gives
a typical example of the structure of a lignin
macromolecule with its most characteristic building
blocks. The pulping technology, which calls upon
a delignification mechanism based on the use of
sulfites, yields lignin fragments bearing sulfonate
moieties, i.e., polyelectrolytes.

Traditionally, the aim of separating the wood
components has been associated with papermaking,
in which delignification isolates the cellulose fibers.
In this context, the dissolved lignins have been
utilized as fuel, which provides not only the energy
required by the process but also a convenient way of
recovering its inorganic catalysts.

The idea of using these lignin fragments as mac-
romonomers for the synthesis of polymers, by intro-
ducing them into formaldehyde-based wood resins, or
by exploiting their ubiquitous aliphatic and phenolic
hydroxyl groups, began to be explored only in the last
quarter of the twentieth century. Given the fact that
these industrial oligomers are produced in colossal
amounts, it seems reasonable to envisage that a small
proportion could be isolated for the purpose of
producing new polymers, without affecting their basic
use as fuel. Additionally, novel papermaking
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Figure 4.3 Schematic view of the components of cellulose fiber.

technologies, like the organosolv processes and
biomass refinery approaches such as steam explosion,
provide lignin fragments without the need of their use
as a source of energy and with more accessible
structures, in terms of lower molecular weights and
higher solubility. Therefore, lignin macromonomers
represent today a particularly promising source of
novel materials based on renewable resources.

4.2.1.3 Hemicelluloses

Wood hemicelluloses are polysaccharides char-
acterized by a relative macromolecular irregularity,
compared with the structure of cellulose, both in
terms of the presence of more than one monomer unit
and by the possibility of chain branching. Figure 4.5
gives typical examples of such structures.

In papermaking processes, part of the wood
hemicelluloses remain associated with the cellulose

fibers, which results in the improvement of certain
properties of the final material. The rest of these
polysaccharides is dissolved together with lignin and
in most processes it is burned with it. In some
instances, however, particularly in the case of orga-
nosolv pulping or steam explosion technologies, the
hemicelluloses can be recuperated as such. The
utilization of wood hemicelluloses, but also of
counterparts extracted from annual plants, has inter-
ested several industrial sectors for a long time, in
particular that of food additives. In recent years, new
possible outlets for hemicelluloses have been and are
being explored.

4.2.1.4 Natural Rubber

Turning now to more species-specific compo-
nents, natural rubber is certainly one of the most
important representatives. Different tropical trees
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Figure 4.4 Lignin main moieties in a typical macromolecular assembly.

produce different forms of poly(1,4-isoprene), which
are exuded or extracted as an aqueous emulsion
(latex) or as a sap-like dispersion, before coagula-
tion. The cis-form of the polymer (Fig. 4.6a) tends to
be amorphous and has a glass transition temperature
of about —70 °C, which makes it ideally suitable for
application as elastomers, following chemical
crosslinking (vulcanization), which involves some of
its C=C unsaturations. Its world production in 2004
was estimated at about 8 million tons. The trans-
form (Fig. 4.6b), called gutta percha or balata,
readily crystallizes forming rigid materials melting
at about 70 °C. As in the case of papermaking and
cotton textile, the extraction and processing tech-
nology of these valuable natural polymers, as well
as the preparation and optimization of their

corresponding materials, represent a well-estab-
lished and well-documented know-how [14].
Examples of interesting recent contributions to the
biosynthesis [15] and chemical modification
[16—18] of natural rubber are available. Moreover,
the use of natural rubber in blends with other
biopolymers like starch and lignins are discussed in
the corresponding chapters.

4.2.1.5 Suberin

The other macromolecule found only in certain
wood species is suberin. This nonlinear polyester
contains very long aliphatic moieties which impart
a characteristic hydrophobic feature to the natural
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Figure 4.6 The two main structures of poly(1,4-
isoprene) in natural rubber: (a) the cis-form and (b)
the trans-form.

material that contains it. Figure 4.7 shows a sche-
matic structure of suberin. By far the most repre-
sentative species containing this polymer in its very
thick bark (the well-known cork) is Quercus suber,
which grows in the Mediterranean area, but Nordic
woods like birch, also have a thin film of suberin

OH
0] O ww»
OA
¢ o_I\oH F
(0]
OAc

HO

coating their trunks. The sources of suberin, as well
as the corresponding structure and composition, are
now an important research area, together with the use
of suberin fragments, obtained from its hydrolytic
splicing, as monomers for the synthesis of biode-
gradable aliphatic polyesters.

4.2.1.6 Tannins

Among the polyphenols present in the tree barks,
tannins are by far the most interesting oligomers
(molecular weights of 1000—4000) in terms of their
utilization as macromonomers for the crosslinking of
proteins in leather (tanning) and for macromolecular
syntheses. The two representative structures of the
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Figure 4.7 A schematic
representation of the structure
of suberin.

Figure 4.8 Two typical monomer units
found in tannins.

HO @

flavonoid units in tannins are shown in Fig. 4.8. The
most salient aspects are related to the sources, struc-
tures, and production of tannins and to their exploi-
tation in polymer modification and manufacture.

4.2.1.7 Wood Resins

A number of resinous materials are secreted by
trees. Their molecular weights are low (a few
hundreds to a few thousands), hence a low melt
viscosity, but their glass transition temperature can be
as high as 100 °C. Rosins (extracted from pine trees)
are the most important representative of this family.
They are made up of a mixture of unsaturated

HyCO

OH

(OH) (OH)

@ OH @ OH
° OH OH

HO : o}
OH

polycyclic carboxylic acids of which abietic acid
(Fig. 4.9) is the major representative. The sources,
extraction, structures, and chemical modification of
these substances, together with their use as sources of
polymeric materials, constitute a realm that is
currently being revived.

4.2.1.8 Terpenes

Apart from all these natural polymers and oligo-
mers, either general or specific wood components,
certain trees also produce monomers in the form of
terpenes, which are unsaturated cyclic hydrocarbons
of general formula (CsHg),,, with n mostly equal to 2.
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Figure 4.9 Abietic acid.

Figure 4.10 shows typical representatives of such
compounds. The description of the sources of these
monomers, their relative abundance, and their
polymerization represent important traditional
topics, with novel insight arising from the applica-
tion of more efficient types of macromolecular
syntheses.

Numerous other interesting molecules are found in
the different elements of the tree anatomy, which find
specific uses as a function of their structure, e.g., as
medicines, cosmetics, dyestuffs, etc., but which are
not exploitable in polymer synthesis. These valuable
compounds have been the object of much (still
ongoing) research and development [19].

4.2.2 Annual Plants

The term annual plant is used here to define plants
and crops with a typical yearly turnover, but also
includes species with shorter or longer cycles. The
primary interest of annual plants, which have been
optimized by human selection throughout the ages,
is the production of food. Nevertheless, man has also
exploited their residues for different purposes,
including shelter, clothing, etc. In a complementary
vein, annual plants have also been grown for the
production of medicines, dyestuffs, and cosmetics.
In the framework of this book, attention will be
focused on two different types of raw materials,
namely the fibrous morphologies of their basic
structure and the substances they produce.

Y

Figure 4.10 Four common terpenes.

Concerning the former, the lignocellulosic fibers of
most plant stems fall into the same category as their
wood counterpart and are discussed in the chapters
devoted to cellulose. As for cotton, i.e., pure cellu-
lose fibers annually produced by the corresponding
plants, its traditional uses in textile, pharmaceutical
aids, etc. reflect well-established and well-docu-
mented technologies, with little relevance to the
primary scope of this book, as already pointed out in
the case of papermaking and natural rubber
technologies.

The relevant contribution of the output of annual
plants to the realm of polymer synthesis and appli-
cations stems, instead, from some specific products,
namely starch as a polymer, vegetable oils as
triglyceride oligomers, and hemicelluloses and
monosaccharides as potential monomers or precur-
sors to furan derivatives.

4.2.2.1 Starch

Starch is an extremely abundant edible poly-
saccharide present in a wide variety of tubers and
cereal grains. In most of its manifestations, it is
composed of two macromolecules bearing the
same structural units, 1,4-p-glucopyranose, in
linear (amylose, Fig. 4.11a) and highly branched
(amylopectine, Fig. 4.11b) architectures, present in
different proportions according to the species that
produces it. The utilization of starch or its deriv-
atives for the production of adhesives, or as wet-
end additives in papermaking, constitutes tradi-
tional applications to which a variety of novel
materials, including plasticized starch, blends, and
composites, have been recently added from
a worldwide flurry of fundamental and technolog-
ical investigations.

4.2.2.2 Vegetable Oils

Vegetable triglycerides are among the first
renewable resources exploited by man primarily in
coating applications (“drying oils”), because their
unsaturated varieties polymerize as thin films in the
presence of atmospheric oxygen. This property has
been exploited empirically for millennia and has
received much scientific and technological attention
in the last few decades. These oils are extracted from
the seeds or fruits of a variety of annual plants,
mostly for human consumption. Within their general
structure, consisting of glycerol esterified by three
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Figure 4.11 The two macromolecular components of starch: (a) amylose and (b) amylopectin.

long-chain aliphatic acids (Fig. 4.12) bearing vari-
able number of carbon atoms, the most relevant
difference is undoubtedly the number of C=C
unsaturations borne by the chains, but other more
peculiar features are also encountered, e.g., hydroxyl
moieties. Their essential role as components of paints
and inks constitutes the most important application
for the elaboration of materials. This traditional

OT R,
Where R4, R, and Rj are fatty acid chains.

Figure 4.12 The basic structure of triglycerides.

technology is presently being updated through
research aimed at modifying the pristine structure of
the oils in order to enhance their reactivity, in such
realms as photosensitive coatings, polyurethanes, and
other macromolecular materials, to render them
competitive with respect to petroleum-based
counterparts.

The explosion of activities related to the synthesis
of biodiesel through transesterification reactions of
different triglycerides has generated a growing
interest in glycerol (a by-product of these syntheses)
and its chemical transformation into other useful
chemicals. This topic has been recently reviewed in
Refs. [20—22].

4.2.2.3 Hemicelluloses

Annual plants produce a rich selection of hemi-
celluloses, often with quite different structures
compared with those found in woods, although the
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basic chemical features are always those of poly-
saccharides. It follows that specific applications are
associated with these different structural features,
notably as food additives. The presence of charged
monomer units is one of the most exploited charac-
teristics, because of the ensuing rheological sensi-
tivity to physical parameters. The properties and
applications of plant and seaweed hemicelluloses is
another hot topic within the present scenario,
particularly within the specific features related to
polyelectrolytes.

In a different vein, plants rich in C5 hemi-
celluloses, and more specifically xylans, are excel-
lent raw materials for the production of furfural
(Fig. 4.13). This simple technology, developed
more than a century ago, has been applied to
a whole host of annual plant residues, after the
extraction of their food component, ranging from
corn cobs, rice hulls, and sugar cane bagasse to olive
husks. The industrial production of furfural is
therefore possible in any country and indeed
implemented in many of them, because of the wide
variety of biomass containing its precursor, and it
represents a beautiful example of the exploitation of
renewable resources using a readily implemented
and cheap process.

The use of furfural as such, as well as its trans-
formation into a variety of furan monomers, together
with the synthesis and properties of the correspond-
ing macromolecular materials, is perceived today as
a “sleeping giant” awaiting to irrupt on the scene of
polymer science and technology.

Another possible exploitation of annual plant
residues, after the separation of their foodstuff, is
their conversion into polyols by oxypropylation. In
this context, the whole of the residue is involved in
the transformation, providing a convenient and
ecological source of macromonomers for novel
materials like polyurethanes, polyethers, and
polyesters.

OH OH

~3H,0 /B

OH OH R 0

|

R = H (furfural) or CHz (5-methyl furfural)

Figure 4.13 Schematic conversion of aldopentoses
into furfural and 5-methyl furfural.

4.2.2.4 Mono- and Disaccharides

The traditional use of some of the most important
mono- and disaccharides as sweeteners, whether
energetic or not, is of course outside the scope of this
book. The interest in using this family of compounds,
produced by different annual plants, as precursors to
novel materials has increased considerably in recent
years, mostly in three different directions, viz., (i) the
conversion of fructose to hydroxymethyl furfural
(Fig. 4.14), (ii) the synthesis of polycondenzation
materials using sugars as comonomers, and (iii) the
preparation of surfactants based on renewable
resources.

Hydroxymethyl furfural is the other first genera-
tion furan derivative readily obtained from hexoses
(C6 saccharides) [22]. Its role as a precursor to
a large spectrum of monomers and the interest of the
ensuing polymers, complementary to those relative to
furfural, represent the second face of the “sleeping
giant.”

The synthesis of novel polymers, mostly poly-
esters and polyurethanes, based on mono- and
disaccharides (Fig. 4.15), together with their prop-
erties and possible applications, has attracted much
attention in recent years, with very convincing results
in terms of materials alternative to counterparts
derived from petrochemical monomers.

The fermentation of glucose has opened new
avenues in the synthesis of polymers derived from
renewable resources, with particular emphasis on the
exploitation of lactic acid as a monomer. This topic is
dealt with in Chapters 2 and 3.

4.2.3 Algae

Marine biomass is also a very interesting source of
precursors to materials, both in terms of vegetable
and animal resources. Polysaccharides derived from
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5-hydroxymethyl furfural
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Fructose

Figure 4.14 Schematic conversion of fructose into 5-
hydroxymethyl furfural.
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Figure 4.15 A sugar-based polyurethane.

certain algae, like alginates, have been exploited for
a long time as polyelectrolyte materials.

4.3 Animal Resources

As in the case of vegetable resources, all the
traditional technologies of exploitation of materials
derived from the animal realm will not be discussed
here. Thus, readers interested in leather [23], wool
[24], silk [25], gelatin [26], animal fats and waxes
[27], and carbon black [28], as well as animal-based
resins like shellac [29], are invited to consult the
corresponding monographs quoted here. The reason
for these exclusions stems from the fact that the
processes associated with the production of these
materials have not been the object of any major
qualitative improvement in recent times.

4.3.1 Chitin and Chitosan

Chitin is undoubtedly the most abundant animal
polysaccharide on earth. It constitutes the basic
element of the exo-skeleton of insects and crusta-
ceans, but it is also found in the outer skin of fungi.
Chitin is a regular linear polymer whose structure
differs from that of cellulose by the presence of N-
methylamide moieties instead of the hydroxyl groups
at C2 (Fig. 4.16). Given the susceptibility of this
function to hydrolysis, chitin often bears a small
fraction of monomer units in the form of primary

OH OH
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o To
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Figure 4.16 Chitin.

amino groups resulting from that chemical
modification.

Chitin is sparingly soluble even in very polar
solvents, because of its high cohesive energy asso-
ciated with strong intermolecular hydrogen bonds
(NH—CO), which is also the cause of its lack of
melting, because the temperature at which this phase
change would occur is higher than that of the onset of
its chemical degradation, just like with cellulose. It
follows that the potential uses of chitin are strongly
limited by these obstacles to processing. The possi-
bility of exploiting chitin is therefore dependant on
its transformation into its deacetylated derivatives
through hydrolysis. As the proportion of the amide
function converted into primary amino groups
increases along the macromolecule, the correspond-
ing material becomes progressively more soluble in
such simple media as weak aqueous acids or polar
protic solvents. The ideal fully hydrolyzed polymer
takes the name of chitosan (Fig. 4.17), a term which
is in fact also attributed to all random copolymers
bearing more than about 50% of amino monomer
units.

Chitosan has become one of the most attractive
polymers derived from renewable resources, because
it possesses remarkable properties that find applica-
tions in many areas of material science and tech-
nology, particularly related to biomaterials and
medical aids. It is not exaggerated to talk about the
boom of chitosan-related research, considering the
explosion of scientific and technical literature on this
polymer, accompanied by the creation of learned
societies and the frequent international meetings
covering its progress. Industrial units devoted to the
extraction of chitin followed by the production of
chitosan are springing up throughout the world
because the materials derived from chitin and chito-
san are steadily gaining in importance thanks to their
widening variety of high-tech applications.

4.3.2 Proteins

Because of their highly polar and reactive
macromolecular structure, proteins have attracted
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Figure 4.17 The main monomer units in chitosan.
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much attention in the last few decades as possible
sources of novel polymeric materials. A particularly
interesting natural proteinic material is undoubtedly
the spider dragline silk, because of its extraordinary
mechanical properties. Given the obvious difficulties
related to gathering viable amounts of this
biopolymer, much research is being devoted to its
bioengineering production [30].

4.3.3 Cellulose Whiskers
and Nanofibrils

Although cellulose is the supreme example of
a predominantly vegetable natural polymer, exotic
animal species are known to produce this poly-
saccharide and, more particularly, some of its most
regular manifestations. Thus, the tunicate mollusk
has become the very symbol associated with cellu-
lose whiskers, i.e., extremely regular nanorods with
remarkable mechanical and rheo-modifying proper-
ties. Researchers have been inspired by this natural
manifestation in the last decade and a whole realm
has flourished, based on the production, character-
ization, and exploitation of whiskers and nanofibrils
from conventional cellulose fibers.

4.4 Bacterial Polymers

Although the polymerization induced by bacteria
has been known and studied for a long time, the
strategy based on using this biological activity to
actually harvest commercial materials is a relatively
recent endeavor. Two specific instances are prom-
inent in this context, namely the production of poly-
(hydroxyalkanoates) and the synthesis of bacterial
cellulose.

T

Figure 4.18 The
(hydroxyalkanoates).

general formula of poly

4.4.1 Poly(Hydroxyalkanoates)

This family of polyesters and copolyesters
(Fig. 4.18) has interested the polymer community
both because of their remarkable physical properties
and biodegradability. Efforts have been actively
implemented to improve the economy of the
biotechnological processes used to prepare these
materials, so that they can become commercially
competitive compared with petroleum-based poly-
mers with similar properties.

4.4.2 Bacterial Cellulose

Although the chemical structure of bacterial
cellulose is identical to that of any other vegetable-
based counterpart, its fibrous nanomorphology
(Fig. 4.19), as obtained directly in its biotechnolog-
ical production, is unique and consequently the
properties associated with this original material are
also peculiar and promise very interesting applica-
tions, notably in the area of biomedical artifacts.

4.5 Conclusions

Several monographs have been published in recent
years [31—40], including two excellent reviews by
Corma et al. covering the transformation of biomass
for the production of fuel [41], chemicals [21] and
other recent contributions [42,43]. The concept of the
bio-refinery [31,44] is explicitly or implicitly at the

Figure 4.19 The unique morphology of bacterial cellulose.
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basis of all these treaties, i.e., the working hypothesis
proposing a rational separation and exploitation of all
the components of a given natural resource. The other
common denominator to many of these collective
overviews is the biodegradable character of the
ensuing material.

A recent book provided a thorough approach to all
the aspects sketched above [45], with the materials
science elements as the predominant feature. This
was the first attempt at a comprehensive treatment of
the topic of monomers, polymers, and composites
derived from renewable resources. Given the fast pace
of progress in the area, updates have been published
[46—48] to keep abreast of novel contributions.
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5.1 Introduction

Biomaterials is an exciting and highly multidisci-
plinary field. These materials have matured into an
indispensable element in improving human health and
quality of life in the modern era. Applications of
biomaterials range from diagnostics such as gene
arrays and biosensors, to medical supplies such as
blood bags and surgical tools, to therapeutic treatments
such as medical implants and devices, to emerging
regenerative medicine involving tissue-engineered
skin and cartilage, etc. A general classification divides
biomaterials into three main categories: metals,
ceramics, and polymers. Polymers, being organic in
nature, offer a versatility that is unmatched by metals
and ceramics. The wide spectrum of physical,
mechanical, and chemical properties that polymers can
provide has fueled the extensive research, develop-
ment, and applications of polymeric biomaterials.
Furthermore, the significance of polymers in the field
of biomaterials is clearly reflected in the staggering
market size of medical polymers, estimated to be
roughly $1 billion with yearly growth of 10—20% [1].

This chapter provides a brief overview of several
medical applications that polymers have made seminal
contributions to over the years. Many of the polymers
discussed here are initially developed as plastics, elas-
tomers, and fibers for nonmedical industrial applica-
tions. They were “borrowed” by the surgeons
post—World War II to address medical problems. Since
then, they have led to the development of biomedical-
specific materials. Currently, with the rapid growth
in modern biology and collaborative effort, cross-
discipline work involving materials science, engi-
neering, chemistry, biology, and medicine, is resulting
in polymeric biomaterials that are bioactive, biomi-
metic, and, most importantly, have excellent biocom-
patibility. Examples of this newer generation of
polymeric biomaterials are also included in this chapter.

5.2 Polymeric Biomaterials
in Ophthalmology

Ophthalmology focuses on the diseases of the eye,
which is a complex and vital organ for daily life.

Ebnesajjad: Handbook of Biopolymers and Biodegradable Plastics. http://dx.doi.org/10.1016/B978-1-4557-2834-3.00005-7
© 2011 Elsevier Inc. All rights reserved. Reproduced from a chapter in: Kutz, Applied Plastics Engineering Handbook (2011). 87
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Application of biomaterials in ophthalmology can be
dated back to the mid-nineteenth century, when
Adolf Fick successfully invented the glass contact
lens. Since then, a wide variety of ophthalmological
biomaterials have been developed and some are
finding overwhelming success in clinical applica-
tions. Applications of biomaterials in ophthalmology
include contact lenses [2], intraocular lenses (IOLs)
[3], artificial orbital walls [4], artificial corneas [5],
artificial lacrimal ducts [6], glaucoma filtration
implants [7], viscoelastic replacements [8], drug
delivery systems [9], scleral buckles [10], retinal
tacks and adhesives [11], and ocular endotamponades
[12]. Although ceramics and metals have also been
used in ophthalmology, modern ophthalmic implants
are mainly made of polymers. The focus of this
section will be on polymers used for contact lens,
IOL, and artificial corneas.

5.2.1 Polymeric Contact Lens

A contact lens is an optical device placed on the
cornea of the eye for corrective, therapeutic, or
cosmetic effects. It is estimated that there are
approximately 125 million contact lens wearers
worldwide. A myriad of principle properties have
been sought in high performance contact lens mate-
rials, including (1) good transmission of visible light;
(2) high oxygen permeability; (3) tear-film wetta-
bility; (4) resistance to deposition of components
from tear-film, such as lipid, protein, and mucus; (5)
ion permeability; (6) chemical stability; (7) good
thermal conductivity; and (8) amenability to manu-
facture [13]. A wide variety of polymers have been
used in contact lenses, and their modulus of elasticity
defines contact lenses to be either hard or soft.
Structures of the various monomers commonly used
in contact lenses are shown in Fig. 5.1. The first
generation of polymeric contact lenses was made of
poly(methyl methacrylate) (PMMA), a polymer
commercially known as Plexiglas® and a classical
example of hard or rigid lens material. PMMA can be
prepared using bulk free radical polymerization and
lathed into lens shape. It has excellent optical prop-
erties such as index of refraction with greater clarity
than glass, remarkable durability, and good resistance
against deposition of components from the tear-film
due to its hydrophobicity. However, major drawbacks
such as lack of oxygen permeability and tendency to
change the shape of the eye have limited the usage of
PMMA contact lenses. In order to improve the

permeability of oxygen, rigid gas-permeable (RGP)
contact lenses were developed in the late 1970s.
Materials used for RGP contact lenses are typically
copolymers of methyl methacrylate (MMA) with
a monomer that imparts high oxygen permeability,
e.g., methacryloxypropyl tris(trimethylsiloxy silane)
(TRIS), hexafluoroisopropyl methacrylate (HFIM),
and 2,2,2-trifluoroethyl methacrylate (TFEMA).
The incorporation of highly hydrophobic siloxane
into the copolymer reduces the lens wettability,
which leads to undesired increase of lipid deposition.
Therefore, hydrophilic monomers, such as meth-
acrylic acid (MAA), 2-hydroxyethyl methacrylate
(HEMA), or N-vinyl-2-pyrrolidone (NVP), are
commonly used as wetting agents in RGP lens
formulation to compensate for reduction in
wettability.

Soft contact lenses emerged in the 1960s when
Otto Wichterle developed poly(2-hydroxyethyl
methacrylate) (PHEMA) [14] and forever changed
the contact lens industry. Generally, soft contact
lenses are made from hydrogel, a cross-linked
network capable of retaining a significant amount of
water. The first PHEMA soft lens contained 40%
water of hydration. Despite its improvement in
wearer comfort over rigid lens, the low oxygen
permeability of PHEMA was interfering with the
normal corneal metabolism. Since the extent of
hydration directly affects the permeability of oxygen,
hydrogels with high water content (>50%) have been
developed by copolymerizing HEMA with highly
hydrophilic monomers such as NVP, MAA, and
glyceryl methacrylate (GMA). A drawback associ-
ated with increased hydrophilicity is the higher
protein binding to the lens, which could cause
discomfort and complications such as increased
bacterial adhesion [15]. High water content hydro-
gels also tend to cause corneal desiccation. In the
quest for high oxygen permeability, researchers have
developed a new type of siloxane-containing hydro-
gels for soft contact lenses. It is well known that
due to the bulkiness of the siloxane groups
(—=Si(CH3),—0—) and the chain mobility, siloxane-
containing materials typically have high diffusivity
of oxygen. On the other hand, siloxane materials are
highly hydrophobic and, therefore, prone to lipid
deposition and are less comfortable with rubbery-like
behavior. To offset these shortcomings, functional-
ized siloxane macromer (shown in Fig. 5.1) was
copolymerized with hydrophilic monomers (e.g.,
NVP and HEMA) into hydrogels that offer



PoLYMERIC BIOMATERIALS 89

o) o)
/\/OH
OCH3 OH o
Methyl methacrylate (MMA) Methacrylic acid (MAA) 2-Hydroxyethyl methacrylate (HEMA)
o o)
0
OH
OCH,CH NN
})‘\ >2CH3 \/lkOCH oH o
2 3
Ethyl methacrylate (EM) Ethyl acrylate (EA) 6-Hydroxyhethyl methacrylate (HEXMA)
O
(0]
\)J\ (@)
(@)
N-Vinyl pyrrolidone (NVP) 2-Phenylethyl acrylate (PEA) 2-Phenylethyl methacrylate (PEM)
o) 0 CF3
Y‘\OCmCFa })‘\OJ\CF
2,2,2-Trifluoroethyl methacrylate (TFEMA) 1,1,1,3,3,3-Hexafluoroisopropyl methacrylate (HFIM)
O
(0]
OH .
OSI(CH3)3
}io o/\/\/8i<
(H3C)3Si0 0Si(CHa)3
OH

Glyceryl methacrylate (GM) Methacryloxypropyl tris(trimethylsiloxy silane) (TRIS)

})‘L N/ N/
N NP NI W N

n
Poly(dimethylsiloxane) (PDMS) macromer

Figure 5.1 Chemical structures of common monomers used in contact lenses and intraocular lenses.
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sufficiently high oxygen transmission required by the
cornea as well as the softness for comfortable
extended wear. Currently, commercialized siloxane
hydrogel contact lenses include Focus® Night &
Day" (lotrafilcon A by CIBA Vision Corp.) and
PureVision  (balafilcon A by Bausch and Lomb). Tt
is worth noting that the presence of siloxane moieties
on the surface of these hydrogels demands further
treatments in order for the lens to be tolerated on the
eye. Examples of surface treatment for siloxane
hydrogels include radiofrequency glow discharge
(RFGD) [16] and graft polymerization of hydrophilic
monomers (e.g., acrylamide [17]) on the lens surface
to improve surface hydrophilicity.

5.2.2 Polymeric Intraocular Lens

IOLs are commonly used to replace natural lenses
and provide clear optical imaging for patients
undergoing cataract surgery. IOL is a major area in
ocular biomaterials research for its critical role in
treating cataract-induced blindness, which was pre-
dicted to reach 40 million cases by the year 2020
[18]. IOL also holds a special place in the bioma-
terials history, where its invention was originated
from Sir Harold Ridley’s accurate observations of
the biological reaction to accidentally implanted
pieces of canopy in a World War II pilot’s eyes.
Since the canopy material, PMMA, was well toler-
ated by the eye, Ridley was inspired to use the
material to invent the first biocompatible IOL, and it
is well recognized as a pioneering breakthrough in
biomaterial science. The key material requirements
for IOLs include the optical property, i.e., able to
maintain a clear path for optical imaging and the
long-term biocompatibility as the implant is inten-
ded to reside in the eye permanently. PMMA
dominated the IOL market for 40 years before other
materials emerged. Despite its excellent optical

Table 5.1 Examples of Biomaterials for IOLs

properties and relative tolerance by the eye, PMMA
still induces damage to the tissues around the IOL
implant. Of primary concern are the injury of the
corneal endothelium associated with the lens
rigidity, and the accumulation of inflammatory cells
to the IOL surface, which can lead to complications
such as iris adhesion to the IOL, uveitis, and loss of
vision [19]. Such issues have led to newer IOL
designs and materials selection. In contrast to the
original hard and bulky PMMA IOL, common IOLs
nowadays are featured as soft and foldable.

The most widely used foldable IOL, AcrySof®, is
fabricated from a copolymer of phenylethyl acrylate
and phenylethyl methacrylate with a cross-linking
reagent and a UV-absorbing chromophore. Its
improved optical property, i.e., higher refractive
index (n = 1.55) compared to PMMA (n = 1.49),
allows a thinner IOL configuration. The mechanical
characteristic of the copolymer results in a slow and
better controlled unfolding of the IOL, which
contributes to the significant reduction in posterior
capsular opacification (PCO). Other materials used in
foldable IOL fabrication include silicone elastomers,
hydrophilic acrylics (with water content higher than
18%), and collagen copolymers (Table 5.1).
Although hydrophilic acrylic IOLs have shown good
uveal biocompatibility due to the reduction in protein
adsorption and macrophage adhesion, they tend to
present higher rate of PCO and cause anterior
capsular opacification, which has reduced their
application in the market [22—25].

5.2.3 Polymeric Artificial Cornea

The cornea is a transparent tissue situated at the
front of the eye. It is the main element in the ocular
optical system, and plays various roles from refract-
ing light onto the retina to form an image, to acting as
a protective barrier for the delicate internal eye

Manufacturer Lens Type Material Refractive Index
Advanced Medical Optics | Rigid PMMA 1.49
ALCON ACRYSOF® foldable | PEA/PEMA 1.55

Bausch & Lomb

Hydroview® foldable

HEMA/HEXMA | 1.47

Calhoun Vision

Multifocal foldable

PDMS 1.41

STAAR Surgical

Collamer® foldable

Collagen/HEMA | 1.45

(Modified from Lloyd and Patel [20,21])
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tissue. Damage to the cornea can result in loss of
vision, which accounts for the second most common
cause of blindness worldwide after cataract [26]. The
most widely accepted treatment of corneal blindness
is transplantation of human donor corneas. However,
limitations in the availability of donor cornea tissues
have called for design and development of artificial
cornea substitutes. Artificial corneas, also known as
keratoprostheses, come in a variety of forms, from
fully synthetic to tissue-engineered. The focus of this
discussion will be on polymer-based synthetic kera-
toprostheses. Several excellent comprehensive
reviews on artificial corneas are available for further
reading [27—29].

The cornea tissue is complex, avascular, highly
innervated, and immune privileged. It is arranged in
three major cellular layers: an outer stratified
epithelium, an inner single-layered endothelium, and
sandwiched in between a stromal compartment,
which is responsible for the optical properties of the
cornea. Although it is challenging to duplicate the
complex structure of the natural cornea, it is
possible to construct an artificial cornea that can
simulate the physical features of the natural cornea
and restore some functional level of vision. An ideal
artificial cornea should meet the following specific
requirements: (1) transparent with a smooth anterior
surface of appropriate curvature, (2) suitable
refractive index, (3) flexible and sufficient tensile
strength for surgical handling, (4) ability to heal
with the host cornea, (5) ability to promote and
sustain the growth of epithelium over the anterior
surface of the artificial cornea, (6) ability to avoid
the formation of a retrocorneal fibroblastic
membrane, and (7) biocompatibility [30]. Early
generations of artificial corneas were made from
a number of different hydrophobic polymers, such
as PMMA, nylon, poly(tetrafluoroethylene) (PTFE),
polyurethane (PU), and poly(ethylene terephthalate)
(Dacron®) [20,31—33]. The design evolved from
one material button-like full piece to the more
widely used “core-and-skirt” configuration, where
the core is made from transparent material with
good optical properties and the skirt is made either
from the same or different material to ensure host
integration. Among these polymers, PMMA is
arguably the most extensively used due to its
remarkable optical properties, as discussed in the
above IOL section. Even though the application of
PMMA in artificial cornea continues, the associated
complications such as retroprosthetic membrane
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formation, glaucoma, extrusion, endophthalmitis,
and rejection [34—36] have led to the development
of soft, hydrogel-based artificial corneas. Most of
the research has been directed toward HEMA-based
hydrogel. An interesting observation with HEMA is
that when the monomer is polymerized with the
presence of 40% or less of water, it forms a homo-
geneous transparent hydrogel; when the water
content is higher, phase separation occurs during
polymerization, and the resulting hydrogel is
heterogeneous and opaque. Taking advantage of
such characteristics, the first “core-and-skirt”
hydrogel-based artificial cornea was created using
HEMA, and the device is commercially known as
AlphaCor [37]. The core is the transparent, lower
water content PHEMA, and the skirt is the phase-
separated, macroporous opaque PHEMA. Even
though PHEMA is considered a hydrophilic poly-
mer, its water content remains far below the water
level found in the natural cornea (78%). Such high
water content is essential for the stability and
survival of the epithelium as it facilitates nutrient
diffusion. In order to increase the water content of
the artificial cornea, various strategies have been
explored. Examples include copolymerization of
HEMA with an ionic acrylate MAA [38], and
hydrogels made from homopolymer of poly(vinyl
alcohol) (PVA), which can contain over 80% water
at equilibrium [39,40]. Several groups have also
reported making biomimetic hydrogels for artificial
corneas. As the extracellular matrix of the cornea is
dominated by type I collagen, it has been used in
the preparation of a copolymeric hydrogel based on
N-isopropylacrylamide (NIPAAm), acrylic acid,
N-acryloxysuccinimide, and collagen [41]. The
engineered hydrogel is essentially a network
comprising of collagen cross-linked to the copolymers
of acrylic acid and NIPAAm using the succinimide
pendant groups. This material has demonstrated the
biomechanical properties and the required optical
clarity to be used for corneal transplantation. In vivo
animal studies have shown successful regeneration of
host corneal epithelium, stroma, and nerves [41].
Clinical trials are currently underway to evaluate this
material for therapeutic use in humans.
Interpenetrating polymer networks (IPNs) have
also been used for artificial cornea applications.
IPN represents a mixture of polymer networks
where one polymer is cross-linked in the presence
of another polymer network to form a mesh of two
different polymers. The major advantage with IPN
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is that it combines the beneficial properties of both
polymers into the final material. Early application
of IPNs in artificial corneas was at the connection
between the optical core and the peripheral skirt,
where an interdiffusion zone of IPN provides
a permanent and reliable union of the PHEMA
sponge skirt with the PHEMA core [42]. More
recent efforts focus on incorporating IPNs in the
entire artificial cornea construct. One design is
based on IPNs of poly(dimethylsiloxane) (PDMS)
and PNIPAAm [43], where the mechanical
strength, transparency, and oxygen permeability of
PDMS is combined with the hydrophilicity and
nutrient permeability of PNIPAAm to form a func-
tional artificial cornea. Another example is IPN of
a neutral cross-linked poly(ethylene glycol) (PEG)
and a charged, loosely cross-linked polyacrylic acid
(PAA) [44,45]. Such IPN has displayed optical
transparency with good mechanical properties and
glucose diffusion coefficients comparable to that of
the natural cornea [46]. Although most of the artifi-
cial corneas have shown satisfying biocompatibility
in animal models, it is critical to ensure that the
materials are nontoxic, nonimmunogenic, and non-
mutagenic, and do not result in corneal opacification.

5.3 Polymeric Biomaterials
in Orthopedics

Traditionally, orthopedic biomaterials are mainly
metallic, largely due to the close property resem-
blance to that of bone tissue such as high strength,
hardness, and fracture toughness. Polymers have also
been used in orthopedics over the years, and they are
receiving increasing interest for bone tissue engi-
neering. Historically, the use of polymers in ortho-
pedics for the most part is reserved for those capable
of performing well for fixation of structural devices
and under cyclic load-bearing conditions such as in
knee and hip arthroplasty. Despite hundreds of
orthopedics applications available in the market, they
are dominated by only a few types of polymers,
including ultrahigh-molecular-weight polyethylene
(UHMWPE) and PMMA.

5.3.1 Polyethylene

UHMWPE is a linear polyethylene with molecular
weight usually between 2 and 6 million. The fracture
toughness, low friction coefficient, high impact
strength, and low density of UHMWPE have made it

a popular choice as the articulating surfaces of joint
replacements, such as hip, knee, ankle, and shoulder.
Although UHMWPE possesses numerous attractive
bulk and surface properties, these properties can be
compromised by the presence of long-term radicals
in the bulk resulting from the ionizing radiation
employed in the sterilization process [47]. These
radicals can interact with oxygen, leading to the
generation of oxygen containing functional groups
and deterioration of the surface and bulk properties,
particularly the rate of production of particles during
the wear process. An overproduction of wear debris
has been linked to the inflammatory reaction in the
tissues adjacent to the implant. This adverse tissue
response will lead to granulomatous lesions, osteo-
lysis, bone resorption, and implant failure [48]. In an
effort to overcome the oxidation, a number of addi-
tives, such as antioxidant a-tocoferol and vitamin C,
are currently used to retard oxidation and enhance
surface properties [49]. UHMWPE has been consid-
ered the weak link in any total joint replacement
because of the wear issue. To improve wear resistance,
highly cross-linked UHMWPE has been produced and
used in joint replacement. Cross-linking is ach-
ieved by irradiating UHMWPE with electron beam
or gamma irradiation, followed by a melting step to
eliminate the free radicals produced during irradi-
ation. Currently, there is a debate on cross-linking
and the clinical performance of UHMWPE. Those
in favor have shown evidence of the efficacy of
highly cross-linked UHMWPE in reducing the
wear in total joint arthroplasties and the associated
periprosthetic osteolysis [50]. The opposition states
that improvement of wear resistance by cross-
linking is at the expense of reduction in the static
mechanical properties, such as tensile and yield
strength as well as fatigue crack propagation
resistance, which could affect the implant
longevity, especially in total knee arthroplasty [51].
Complete data regarding the ultimate long-term
performance of highly cross-linked UHMWPE will
help settle the scientific debate.

5.3.2 Polyacrylates

Application of PMMA as fixative for bone was
first demonstrated by Charnley [52]. The PMMA
bone cement is composed of the liquid monomer
MMA, a partially polymerized PMMA powder, an
initiator (commonly used dibenzoyl peroxide), an
activator (N,N-dimethyl-p-toluidine), a radiopacifier
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(visible to X-rays) such as barium sulfate or zirco-
nium oxide, and a copolymer to influence the mix-
ing and handling of the cement [53]. In some cases,
an antibiotic (e.g., gentamicin) is included in the
formulation to minimize infection during implanta-
tion. The polymerization is initiated by the interac-
tion between the activator and the initiator, yielding
a free radical that reacts with the monomer. The
solidified polymer is able to secure a firm fixation of
the prosthesis in the bones. Although acrylic bone
cements are widely used in orthopedics, several
drawbacks are related with their use. The residual
monomer could leak into the body and cause fat
embolism [54]. The exothermic nature of the poly-
merization process can be a potential cause for
necrosis of the surrounding tissue. The most critical
drawback is aseptic loosening, i.e., loosening of the
implant within the cement. The cause of aseptic
loosening could be mechanical and/or biochemical.
Mechanically, cyclic loading of the implant could
lead to fatigue fracture of the cement [55]. Bio-
chemically, wear debris of the polyethylene
component could migrate to the bone—cement
interface and trigger inflammatory response, leading
to osteolysis and weakening the implant interface
[56]. In order to improve upon PMMA fixation,
a possible strategy is to avoid cement fracture by
increasing the mechanical strength of the cement.
Researchers have developed bone cement with
higher bonding strength and compressive modulus
than conventional PMMA, using a bisphenol-
A-glycidyl dimethacrylate (Bis-GMA)-based resin
impregnated with bioactive glass ceramics [57,58].
Another approach takes advantage of composites by
reinforcing PMMA with hydroxyapatite (HA) [59]
and bioactive glass [60], which combines strength
and elasticity with bioactivity.

The other acrylate bone cement is based on
polyethylmethacrylate (PEMA) and n-butylmetha-
crylate (n-BMA) monomer [61]. Comparing to
PMMA cement, less heat is produced during poly-
merization of the PEMA-n-BMA cement, and the
polymer has a relatively low modulus and high
ductility to reduce the issue of fracture. The
biocompatibility of the PEMA-n-BMA cement has
been excellent [62]. But these bone cements have
been found to be susceptible to creep. To improve
creep resistance, bioactive HA particles were
incorporated [63]. Although HA improved bioac-
tivity and creep behavior of the cement, the cement
failed at lower number of cycles.
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5.3.3 Natural Polymers

Natural polymers are finding increasing applica-
tions in the area of bone replacement and hard tissue
augmentation. Ideally, materials used for such
purpose should be biocompatible; able to mimic the
three-dimensional characteristics, physical, and
mechanical nature of the bone and hard tissue; able
to support appropriate cellular functions; and able to
be replaced gradually by the regenerating new
tissue. A variety of natural polymers have been used,
including extracellular matrix proteins such as
collagen [64]; polysaccharides such as chitosan
[65], alginate [66], starch [67], and cellulose [68]; as
well as glycosaminoglycans such as hyaluronic acid
[69]. Some of the natural polymers can provide
a template for biomimetic apatite formation, which
is highly desirable to induce rapid bone coloniza-
tion. Recent studies by Hutchens et al. [70] revealed
the formation and characterization of bacterial
cellulose/hydroxyapatite composites with the
potential for bone replacement. Both degradable
and nondegradable bacterial cellulose were used to
form the composite. The hydroxyapatite present in
the composite has ordered nanometer needle-like
particles with nonstoichiometric composition
similar to that observed in human bone. The
combined  bioactivity and  biocompatibility
substantiates the potential of this composite for
orthopedic application.

5.4 Polymeric Biomaterials
in Cardiovascular Diseases

Biomaterials have played a vital role in the treat-
ment of cardiovascular diseases; examples of appli-
cations include heart valve prostheses, vascular grafts,
stents, indwelling catheters, ventricular assist devices,
total implantable artificial hearts, pacemakers, auto-
matic internal cardioverter defibrillators, intra-aortic
balloon pumps, etc. A key requirement for materials
in cardiovascular applications, particularly blood-
contacting devices, is blood compatibility, i.e., non-
thrombogenic. Additional requirements include
mechanical and surface properties that are applica-
tion-specific. Surveying the field of polymers used in
cardiovascular applications reveals that PUs, poly-
ethylene terephthalate (PET), and expanded PTFE
(ePTFE) are the most commonly used. This section
will review each of the three polymers followed by
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a brief introduction of other emerging polymers for
use in the cardiovascular area.

5.4.1 Polyurethanes

PUs are among the most commonly selected
biomedical polymers for blood-contacting medical
devices. They can be found in hemodialysis blood-
lines, catheters, stents, insulation for pacemaker leads,
heart valves, vascular grafts and patches, left ventric-
ular assist devices (LVADs), etc. PUs are characterized
as segmented block copolymers with a wide range of
mechanical and blood contact properties, simply by
varying the type and/or molecular weight of the soft
segment and coupling agents. The urethane linkage,
—NH—C(=0)—0—, in biomedical PUs can be
formed through a two-step process. The initial step is
a reaction involving the end-capping of the macrodiol
soft segments (e.g., polyether, polyester, poly-
carbonate, and polysiloxane) with diisocyanate to
form a prepolymer. The second reaction is the
coupling of the prepolymer with a low-molecular-
weight chain extender—generally a diol or a diamine
[71]. The hard segment usually refers to the combi-
nation of the chain extender and the diisocyanate
components.

Due to the chemical incompatibility between the
soft and hard segments, the morphology of PUs
consists of hard segments aggregation to form
domains that are dispersed in a matrix formed by the
soft segments [72,73]. Such unique morphology is
responsible for the exceptional mechanical properties
and biocompatibility of the biomedical PUs. For
example, depending on the relative molecular
weights and amounts of the hard and soft segments,
the obtained PU can be elastomeric or rigid. The
mechanical properties of PU can also be tailored by
changing the chemical nature of the chain extender.
Generally, PUs prepared with aliphatic chain
extender are softer than those with aromatic chain
extender. Biocompatibility of PU is also closely
related to the chemical nature of the chain extender
and the soft segment. Early studies by Lyman et al.
[74] showed that changes in the molecular weight of
the polypropylene soft segments affected protein
adsorption. Lysine diisocyanate and hexamethylene
diisocyanate are preferred over aromatic diisocya-
nates in the synthesis of biodegradable PUs, partly
because of the putative carcinogenic nature of
aromatic diisocyanates [75]. Recent studies have
reported using natural polymers, such as chitin [76]

and chitosan [77] as chain extender to improve the
biocompatibility of PUs.

Biostability has been and continues to be a main
research focus of PUs. Depending on the intended
medical applications, the desired biostability of PUs
varies. For example, PUs used as a pacemaker lead
covering should have superior long-term stability,
whereas PUs used as a scaffold to build engineered
tissue construct for the replacement of diseased
cardiovascular tissues should be biodegradable. The
challenge to maintain long-term in vivo biostability
of PUs lies in the fact that biodegradation of PUs is
a complicated and multifactor-mediated process.
Mechanisms responsible for PU biodegradation
include (1) hydrolysis, (2) oxidative degradation,
metal or cell catalyzed, (3) enzymatic degradation,
(4) surface cracking, (5) environmental stress
cracking, and (6) calcification [75]. It is well known
that PUs containing polyester soft segments have
poor hydrolytic stability, and PUs with polyether soft
segments are prone to oxidative degradation. Guided
with valuable information collected from extensive
investigation of molecular pathways leading to the
biodegradation of PUs, more bioresistant PUs have
been designed over the years. These strategies
include using polycarbonate macrodiols [78,79],
polyether macrodiols with larger hydrocarbon
segments between ether groups [80], and siloxane-
based macrodiols [81—83]. On the other end of the
spectrum, bioresorbable PUs are attracting increasing
attention as elastomeric tissue engineering scaffolds.
For this class of PUs, soft segments such as poly-
lactide or polyglycolide, polycaprolactone, and
polyethylene oxide are most commonly used [84].
Furthermore, degradation is engineered into the hard
segments. Enzyme-sensitive linkages have been
incorporated into the hard segment, leading to
specific enzymatic degradation in contrast to
nonspecific hydrolytic degradation [85—87]. Another
interesting addition to the hard segments is bioactive
molecule such as antimicrobial drug [88]. Polymer
degradation will thus lead to free drug release,
making this class of PUs very attractive for
biomedical applications.

5.4.2 Polyethylene Terephthalate

PET is a member of the engineering polyester
family. It is a semicrystalline polymer with industrial
applications as synthetic fibers and beverage and
food containers. In the medical field, PET is widely
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used as prosthetic vascular grafts, sutures, and wound
dressings in either fiber or fabric form (commercially
known as Dacron®). Despite the presence of hydro-
Iytically cleavable ester linkage, PET is relatively
stable in vivo largely due to the high crystallinity and
hydrophobicity. It is one of the two standard
biomaterials of prosthetic vascular grafts used clini-
cally. It is widely used for larger vessel (diameter >6
mm) applications. PET for vascular applications can
be prepared either woven or knitted, which will
determine the porosity and mechanical property of
the graft. Generally, a woven finish has less porosity
than a knitted graft, therefore, reducing the chance of
transmural blood extravasation. Dacron® vascular
graft is strong and stiff, much less compliant than
natural arteries [89]. Such compliance mismatch has
been considered the cause of patency loss of the graft
over a long time frame (>6 months) [90]. The other
major complication related to the PET graft is its
thrombogenicity. When the graft comes in contact
with blood, plasma protein is adsorbed to the luminal
and capsular surfaces, leading to thrombus formation
and inflammatory response. Various strategies have
been explored to make the graft surface thrombo-
resistant, including passivating the surface with
albumin [91], coating with fluoropolymer [92],
coating with hydrophilic polymer [93], covalent or
ionic binding of the anticoagulant heparin—albumin
[94—96], covalent linkage of antithrombotic agent
thrombomodulin [97], etc. Although some improve-
ment has been reported in terms of acute thrombosis,
there is still a long way to go to achieve satisfying
long-term functionality of PET-based vascular grafts.

5.4.3 Expanded PTFE

ePTFE, commercially also known as Gore-Tex®,
is one of the two standard biomaterials of prosthetic
vascular grafts used clinically. Besides vascular uses,
ePTFE is also used as patches for soft tissue regen-
eration, such as hernia repair, and surgical sutures. It
is produced by a series of extrusion, stretching, and
heating processes to create a microporous material
with pore size ranging from 30 to about 100 pm.
Similar to PET, ePTFE is highly crystalline, hydro-
phobic, and highly stable. It has an extremely low
coefficient of friction, making it easy for handling. Its
tensile strength and tensile modulus are lower than
those of PET. Even though the compliance of ePTFE
grafts is relatively lower than that of PET grafts, it is
still too high compared to natural arteries. Generally,
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ePTFE is the choice over PET to bypass smaller
vessels. However, it still faces a patency issue.
Femoropopliteal reconstruction using ePTFE has
a 5-year patency rate of 40—50%, compared to the
70—80% achieved by using autogenous vein grafts
[98]. Similar to PET, the cause of low patency is the
thrombogenicity of the material. It has been reported
that the graft fails to develop a full coverage of
endothelial cells on the lumen side of the graft
[99,100]. To address this issue, one approach is to
increase the porosity to promote tissue ingrowth. But
it requires a careful balance to prevent leakage of
blood elements as mentioned earlier. Other
approaches focus on reducing surface thromboge-
nicity, including carbon coating to increase surface
electronegativity [101], attachment of anticoagulant
or antithrombotic agents [102,103], and impregna-
tion with fibrin glue to deliver growth factors that can
promote endothelialization [104,105]. The actual
benefits of these treatments are yet to be determined
through longer-term in vivo investigations.

The challenge posed by small diameter vascular
repair has spurred research for alternative biomate-
rials that would match or surpass the autograft. A
notable effort is to build a tissue-engineered graft ex
vivo using a synthetic biodegradable scaffold.
Conceptually, such graft will have mechanical
properties closely mimicking those of the native
tissues without the concern of chronic inflammatory
responses commonly induced by the presence of
synthetic materials. Till date, a wide variety of
biodegradable polymers have been used to build
such constructs, including poly(a-hydroxyesters);
poly(glycolic acid) (PGA); poly(lactic acid) (PLA);
and their copolymers poly(lactic-co-glycolic acid)
(PLGA), polycaprolactone, polyanhydride, poly-
hydroxyalkanoate, and polypeptide. Several excel-
lent reviews are available discussing the current
status of materials as scaffolding for vascular tissue
engineering [106—108].

The other cardiovascular application in which
polymers are poised to make a significant impact is
biodegradable stents. Current stents are mainly made
of metallic materials, such as stainless steel,
cobalt—chromium, or Nitinol. However, long-term
complications associated with metal stents have
prompted research of fully degradable replacement.
Several key requirements have to be satisfied by the
polymeric stent, with the top two being mechanical
properties and degradation characteristics. In terms
of degradation, the products of degradation should be
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biocompatible, and the degradation process should
not compromise the structural integrity of the device
up to 6 months [90]. As for mechanical properties,
the polymer should withstand the deployment and the
blood vessel contractions. Both requirements are
challenging, but with a good appreciation of the
underlying biology and the versatility of polymer
structure—property relationship, newer materials are
likely to emerge in the near future. For example,
researchers are imparting degradation and shape
memory capabilities into polymers that can self-
expand and degrade over time [109,110].

5.5 Polymeric Biomaterials
for Wound Closure

Surgical wounds can be closed by various means,
including sutures [111], adhesives [111], tapes [111],
staples [111], and laser tissue welding [112]. Among
these methods, sutures are the most frequently used.
The sutures are sterile filaments used to approximate
and maintain tissue until the healing has provided the
wound with appropriate strength to withstand
mechanical stresses. Sutures can be classified based
on the origin of the materials as natural or synthetic;
performance of the materials as absorbable or
nonabsorbable; and physical configurations as
monofilament, multifilament, braided, or twisted. In
general, polymers selected for sutures should elicit
minimal adverse biological response in addition to
having fiber-forming rheological properties. The

sutures must have minimum tissue drag, good
strength retention, and knot security. To improve the
lubricity and reduce tissue drag, coatings such as
tetrafluoroethylene and silicones are normally applied
to the suture. The following sections will discuss
some of the common nonabsorbable and absorbable
polymeric sutures currently commercially available.

In general, nonabsorbable sutures can retain their
tensile strength longer than 2 months [113]. The
synthetic polymers used to make nondegradable
sutures include polypropylene (PP), polyamides,
polyesters such as PET and polybutylene tere-
phthalate (PBT), and polyether—ester based on pol-
y(tetramethylene glycol), 1,4-butanediol, and
dimethyl terephthalic acid [114]. The base polymer
and filament configurations for common nonabsorb-
able sutures are summarized in Table 5.2.

The PP monofilament sutures are made from
isotactic polypropylene [115]. During preparation,
the PP monofilament is subjected to a series of post-
spinning operations including annealing, designed to
increase crystallinity [116]. Although PP sutures are
highly resistant to hydrolytic degradation, it can
undergo thermo-oxidative degradation [117]. PP
sutures are usually sterilized by ethylene oxide or
autoclave due to their susceptibility to ionizing
radiation such as vy-radiation from cobalt-60 source
that is normally used for radiation sterilization. In
terms of performance, PP sutures cause one of the
lowest tissue responses.

Polyamide sutures are commonly made out of
nylon-6 and nylon-6,6. Nylon-6 is synthesized by

Table 5.2 A List of Commercially Available Nonabsorbable Suture Materials

Generic Name | Polymer Configuration Trade Name

Polyamide Nylon-6, nylon-6,6 | Monofilament Dermalon
Multifilament, braided Nurolon
Multifilament, braided and
silicone coating

Polypropylene | PP Monofilament Prolene
Monofilament Surgipro

Polyethylene Polyethylene Monofilament Dermalene

Polyester PET Braided Dacron
Braided with silicone coating Ti-Cron
Braided with polybutylate coating | Ethibond
Braided with PTFE coating Polydek
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ring-opening polymerization of caprolactam, while
nylon-6,6 is prepared by condensation polymeriza-
tion of adipic acid and hexamethylene diamine.
These polyamide sutures are processed into mono-
filament, braided multifilament, and core—sheath
configurations. The braided multifilament nylon
sutures are often coated (e.g., silicone coating) to
reduce tissue drag. The observed decrease in strength
retention over time is associated with the suscepti-
bility of the amide bond to hydrolytic degradation in
the nylon structure. The tensile strength of nylon
sutures decreases at a yearly rate of approximately
15—25% [118]. The tissue reaction to nylon sutures
appears to be independent of configuration, with both
braided and monofilament eliciting low reactivity.
The need to suture very delicate and complicated
tissues have led to the development and use of sutures
based on fluoropolymers such as PTFE and poly-
vinylidene fluoride (PVDF), and copolymers of
PVDF and hexafluoropropylene (HFP) [119]. PTFE
is a stable (T, = 327 °C) semicrystalline linear
polymer. ePTFE sutures are highly crystalline
microporous fibers prepared by wet spinning an
aqueous mixture of PTFE powder and cellulose
xanthate. The morphology of ePTFE fibers consists
of nodules connected by thin crystalline fibers that
control tensile strength. The mechanical properties,
biological response, and handling can be directly
correlated with the porosity of the PTFE fibers [120].
The bending stiffness of ePTFE sutures is low due to
the microporous structure [121], but the porous
structure also contributes to the decrease in strength.
PVDF is also highly crystalline (T, = 175 °C).
Sutures prepared from PVDEF exhibit good creep
resistance and tensile strength retention. Morpho-
logical studies have demonstrated high surface
stability, i.e., no visible signs of bulk or surface
fracture [122]. PVDF sutures are susceptible to
thermo-oxidative degradation, but can be readily
sterilized with vy-radiation. PVDF elicits moderate
tissue and cell response—a behavior similar to PP
sutures. Sutures derived from copolymers of PVDF
and HFP were originally designed to combine the
beneficial handling properties and biological
response of PVDF and PP into one material. In
addition, PVDF/HFP sutures were also designed to
emulate the durability of polyester sutures. The
tensile strength, size, biological response, and
handling of the PVDF/HFP sutures can be tailored by
manipulating the copolymer compositions. The
major target areas for usage of PVDF/HFP sutures
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are wound closure during cardiovascular, neurolog-
ical, and ophthalmic surgeries [119]. These PVDF/
HFP sutures are normally used as uncoated
monofilaments.

Among the most commonly used polyester-based
nonabsorbable sutures are PET and PBT. In addition,
there are polyester-based sutures made from copol-
ymers of poly(tetramethylene ether terephthalate)
and poly(tetramethylene terephthalate) called poly-
etheresters. PET is synthesized by condensation
polymerization of ethylene glycol and terephthalic
acid. PET is a polymer with a melting temperature of
approximately 265 °C. The thermal stability of PET
enables melt spinning to form monofilament fibers
with variable profiles. During processing, the fibers
are subjected to hot drawing that enhances molecular
orientation, crystallinity, and tensile strength. The
PET sutures are commercially available as coated or
uncoated monofilament or braided multifilament
configurations. The surface treatments of PET
sutures include coatings of PTFE and silicone. PET
sutures are very stable in the biological environment
with no evidence of hydrolytic degradation. The
strength retention of PET sutures remains for an
extended period of time. The tissue response to PET
sutures is dependent on the configuration with
braided multifilament and monofilament having
moderate and low tissue reactivity, respectively.
Compared to PET, PBT sutures are generally less
brittle and stiff, due to the longer aliphatic segment in
the polymer structure. Polybutester sutures
are obtained from block copolymers of PBT and
poly(tetramethylene ether) glycol terephthalate
(PTMG). In the copolymer, the PBT is the hard
segment and PTMG is the flexible segment. Chem-
ical incompatibility between the hard PBT and soft
PTMG blocks renders these copolymers elastomeric.
Such unique mechanical behavior makes the poly-
butester sutures ideal for wounds prone to edema
formation.

The synthetic absorbable sutures are made from
polymers capable of degradation in the biological
environment without adverse effects. One overall
advantage of absorbable sutures is the elimination of
clinical visits for their removal. These sutures are
either homopolymers or copolymers based on
degradable polymeric units such as polyglycolic
acid, polylactic acid, or poly-p-dioxanone.

Polyglycolic acid (PGA) can be synthesized by
condensation or ring-opening polymerization. Sutures
based on PGA were the first absorbable sutures
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made [123]. PGA sutures are commercially available
coated or uncoated in a braided configuration.
Glycolide has been copolymerized with lactic acid,
trimethylene carbonate, and e-caprolactone [119].
Glycolic acid was copolymerized with L- or bL-lactic
acid to form random copolymer. The performance of
the glycolide-L-lactide sutures is dependent on
composition. The initial tensile strength and retention
through the healing process of the glycolide-L-lactide
sutured wound is directly dependent on the concen-
tration of the crystallizable glycolide monomers [124].
Copolymers based on the pL-lactide do not exhibit the
same composition dependence as observed for the
L-lactide copolymers [119]. Glycolide has been
copolymerized with trimethylene carbonate to form
a triblock copolymer where the middle block is
a random copolymer of glycolide and trimethylene
carbonate and the terminal blocks based on glycolide.
These sutures are available as uncoated mono-
filaments. The copolymerization of glycolide and
g-caprolactone leads to formation of segmented
copolymers. In these copolymers, the glycolide and
g-caprolactone form the soft and hard segments,
respectively.

Poly-p-dioxanone (PDS) is synthesized by ring-
opening polymerization of 1,4-dioxanone-2,5-dione.
The monofilament sutures are produced by melt
spinning. The fibers are subjected to a drawing
process to improve tensile strength and performance.
Recently, attempts have been made to copolymerize
PDS with PGA and PLLA to produce sutures with
different properties [125].

Current research focus in wound closure suture is
to incorporate extra functionality to the suture besides
closing the wound. These efforts include to control
wound infection by developing antimicrobial sutures,
and to accelerate the wound healing process by using
bioactive material such as chitin, or to deliver thera-
peutics that can impact the wound healing response.

5.6 Polymeric Biomaterials in
Extracorporeal Artificial Organs

Extracorporeal artificial organs provide mass-
transfer operations to support failing or impaired
organ systems [126]. Common examples include
kidney substitute, hemodialysis, cardiopulmonary
bypass (CPB), apheresis therapy, peritoneal dialysis,
lung substitute and assist, and plasma separation. A
critical component involved in the extracorporeal

artificial organ is the membrane that serves to sepa-
rate the undesired substance from the blood or
plasma. Ideally, materials used as the membrane in
these particular applications should have appropriate
cellular and molecular permeability, as well as blood
compatibility (i.e., hemocompatibility). Over the
years, both natural and synthetic polymers have been
used as membrane materials.

The most widely used natural membrane is cellu-
losic. Taking hemodialysis as an example, early
applications of cellulose membrane in the dialyzer
used regenerated cellulose, i.e., unsubstituted with
rich hydroxyl groups along the repeating saccharide
units. Studies have found that regenerated cellulose
has poor hemocompatibility. It activates the comple-
ment system, which leads to inflammation and other
serious immune responses. The complement activa-
tion has been attributed to the high concentration of
hydroxyl groups on the membrane rendering it
nucleophilic and susceptible to protein deposition,
particularly C3b. Such observation spurred later
research of using substituted cellulose for dialysis
membrane, examples include cellulose acetate and
cellulose triacetate, where in both cases a fraction of
the hydroxyl groups are replaced with acetate func-
tionality. These modified cellulose materials greatly
limit complement activation by eliminating the active
surface sites for complement protein interaction.
Besides chemically blocking complement interaction,
approaches using steric hindrance effect have also
been explored. A bulky chemical group such as
benzyl substitution group or tertiary amine group has
been used to replace the hydroxyl group to sterically
minimize the complement protein interaction with the
membrane [127,128].

Current dialysis membranes are mostly made from
synthetic polymers, including polysulfone, poly-
ethersulfone, polyacrylonitrile, PMMA, polyamide,
and polypropylene hollow fibers. Compared with
natural cellulosic membrane, synthetic membranes
are less prone to complement activation. The reason
behind the improved complement compatibility is the
diminished level of surface nucleophiles for C3b
deposition. Furthermore, some of the synthetic
membranes are rich in negative charges on the
surface, which can absorb the activated cationic
complement peptide (e.g., C5a) and minimize the
subsequent cascade of inflammation. Synthetic
membranes generally have significantly larger pore
sizes and higher hydraulic permeability than cellu-
losic membranes [129]. Therefore, synthetic
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membranes are the choice for high-flux applications.
The larger pore size also allows for removal of
middle molecules with molecular weight between
500 and 2000 Da, which have been deemed bioactive
and may have a potential biological impact [130].
The hydrophobic nature of most synthetic
membranes contributes to the adsorptive capacity
toward noxious compounds such as interleukin-1,
tumor necrosis factor, interleukin-6, and [3,-micro-
globulin [131]. PMMA and polyacrylonitrile usually
exhibit the most pronounced adsorption capacity.
Regardless of their origin, the membranes have been
used either in hollow-fiber design, which is most
common, or as sheet films in parallel-plate design.

5.7 Polymeric Biomaterials
for Nerve Regeneration

Repair of the damaged nerves presents enormous
challenge due to the physiology complexity of the
nervous system. Even though progress has been made
over the past decades, it is still not possible to fully
repair the damage so that lost functions of the nervous
systems can be restored. The nervous system is
generally classified into the central nervous system
(CNS) and the peripheral nervous system (PNS).
Various strategies have been explored for nerve repair
in both the CNS and the PNS, including guidance
conduits, scaffolds with cell transplantation, and
delivery of therapeutics. This section will mainly focus
on polymers used in the nerve guidance conduit
approach.

It has been widely accepted that physical guidance
of axons, the long processes extending from the neuron
cell body and conducting electrical signals, plays
a critical role in nerve repair. The nerve guidance
conduit is designed to (1) direct the outgrowth of axons
from the proximal nerve end bridging across the lesion,
(2) provide a channel for the diffusion of biomolecules
secreted by the injured nerve ends, and (3) reduce the
scar tissue invasion to the regeneration zone [132]. To
fulfill these functions, an ideal nerve guidance conduit
should be semipermeable with oriented topographical
features inside the conduit, supportive of electrical
activity, able to deliver bioactive factors, and able to
support cell adhesion and migration. The versatility of
polymers makes them the top choice in engineering of
nerve guidance conduits. Early research has used
nondegradable synthetic polymers including silicone
[133] and ePTFE [134]. Although silicone nerve
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guidance conduits have shown success in bridging gaps
up to 10 mm, they have failed to support regeneration
across larger defects. Therefore, effort has been shifted
to develop biodegradable guidance conduits. The
advantage of using a degradable material lies in the fact
that long-term complications such as fibrotic reaction
and nerve compression can be minimized. The degra-
dation characteristics of the material should meet the
following requirements: (1) the degradation profile
should match with the axonal outgrowth profile, so that
the guidance conduit will maintain sufficient
mechanical support during the regeneration process
and (2) the degradation product(s) should induce
minimum to zero tissue reaction. A series of degrad-
able polymers have been used, including biodegrad-
able poly(esters) such as PGA [135], PLA [136],
PLGA [137], and poly(caprolactones) [138]; poly-
phosphazenes [139]; polyurethanes [ 140]; and poly(3-
hydroxybutyrate) [141].

Since the emergence of studies showing that elec-
trical charge affects neurite extension in vitro
[142,143] and improves nerve regeneration in vivo
[144], polymers that can provide electrical stimulus
have been included in guidance conduit development.
These polymers include piezoelectric polymers such
as PVDF and its copolymer [144], and conducting
polymers like polypyrrole and its biologically modi-
fied derivatives [143,145]. Other electroactive poly-
mers, such as polyaniline, may also provide support
for nerve growth, as studies have shown encouraging
results with cardiac myoblast cells [146].

Nerve guidance conduits can be hollow or filled
with matrix to support axonal elongation. A popular
filler choice is natural polymeric gel. Ideally, the gel
should be soft with mechanical properties matching
those of the nervous tissue, porous to allow axonal
ingrowth, biodegradable, and biocompatible. A
number of natural polymers have been investigated,
including agarose [147], chitosan [148], methylcel-
lulose [149], hyaluronic acid [150], alginate [151],
fibrin gels [152], collagen [153], keratin [154], and
self-assembling peptide scaffolds [155]. Agarose is
a thermally reversible polysaccharide hydrogel. Its
gelling temperature can be modified by changing the
functional groups attached to the sugar residues. It
can also be functionalized with various biological
motifs, such as laminin-derived peptide sequences
RGD, YIGSR, and IKVAYV, to enhance neurite
extension [156]. Fibrin is a natural wound-healing
matrix that can be found in the early stages of
regeneration. It is formed from the blood coagulation
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cascade to restore hemostasis and initiate tissue
repair. Using fibrin gels as the filler can closely
mimic the natural matrix formed in the guidance
conduit bridging short nerve gaps, where a fibrin
cable is usually formed from the exuding serum by
the damaged blood vessels in the nerve ends [157].
Peptide sequences have also been cross-linked into
the filling fibrin matrix to further induce neurite
extension [158]. In addition to gel filler, longitudinal
filaments, either synthetic or natural, have been used
in the conduit to align the growing axons in the
direction of regeneration. Materials used in filament
preparation include polyamide, catgut, poly-
dioxanone, polyglactin, poly(acrylonitrile-co-methyl-
acrylate), collagen, PLA, PGA, etc. [159—162].
Recently, materials research on nerve guidance
conduits has been taken to a new level, where the old
paradigm of passive material has shifted to new
bioactive material design. Chemical messengers such
as neurotransmitters have been polymerized into
the polymer backbone to impart neuroactivity for the
resulting biomaterial [163]. The first example of this
new class of polymer is dopamine polymerized with
a diglycidyl ester to form a biodegradable material that
has shown vigorous neurite outgrowth in vitro and good
tissue compatibility in vivo. Another example of new
bioactive polymer is polysialic acid and its hydrogel.
Polysialic acid is a dynamically regulated post-
translational modification of the neural cell adhesion
molecule [164]. It has been shown to significantly
improve cell adhesion and viability in vitro. With the
increasing understanding of the biology behind
nerve regeneration, it is expected that more bioactive
materials will be developed in the future to achieve
timely functional recovery from nerve damage.

5.8 Conclusions and Future
Outlook

Polymers have made significant impact on
biomedical research and medical practice, and will
continue to be the major workforce for biomaterials
in the twenty-first century. The polymeric biomate-
rials and their applications presented here are only
the tip of an iceberg. With the growing under-
standing of the biological response to existing
biomaterials and a better grasp of human organ
composition, function, biomechanics, and disease
etiology, chemists and polymer scientists should
continue working collaboratively with biologists,

physicians, and engineers to develop tailor-made
polymers for biomedical applications. In contrast to
the old inert synthetic polymers, bioactive, biomi-
metic, and smart polymers will be at center stage.
Furthermore, as the interactions of the biological
system with polymers occur at the interface,
surface-related research will continue to thrive,
especially surface characterization and surface
modification. One can be hopeful to foresee a better
management of diseases with the help of a new
generation of biomaterials, and a seamless integra-
tion of the biomaterials into the body.

References

[1] M.S. Reisch, Medical polymers renaissance,
Chem. Eng. News 85 (2007) 14—17.

[2] 1. Mann, A brief review of contact lens work,
Trans. Ophthalmol. Soc. Aust 1 (1939) 107—115.

[3] R.J. Schillinger, R.V. Shearer, O.R. Levy,
Animal experiments with a new type of intra-
ocular acrylic lens, Arch. Ophthalmol 59 (1958)
423—434.

[4] A.C. Perry, Advances in enucleation, Oph-
thalmol. Clin. North Am. 4 (1991) 173—182.

[5] C.W. Flowers, P.J. McDonnell, Mechanical
methods in refractive corneal surgery, Curr.
Opin. Ophthalmol 5 (1994) 81—89.

[6] M.E. Migliori, A.M. Putterman, Silicone intu-
bation for the treatment of congenital lacrimal
duct obstruction — successful results removing
the tubes after 6 weeks, Ophthalmology 95
(1988) 792—795.

[7] A.C.B. Molteno, New implant for drainage in
glaucoma, Animal trial, Brit. J. Ophthalmol 53
(1969) 161—168.

[8] T.J. Liesegang, Viscoelastic substances in
ophthalmology, Surv. Ophthalmol 34 (1990)
268—293.

[9] R. Bawa, M. Nandu, Physicochemical consid-
erations in the development of an ocular poly-
meric drug delivery system, Biomaterials 11
(1990) 724—728.

[10] C.L. Schepens, F. Acosta, Scleral implants: an
historical perspective, Surv. Ophthalmol 35
(1991) 447—453.

[11] C.E. Gilbert, Adhesives in retinal-detachment
surgery, Br. J. Ophthalmol 75 (1991) 309—310.

[12] J.B.Jonas, H.L. Knorr, R.M. Rank, W.M. Budde,
Intraocular pressure and silicone oil endo-
tamponade, J. Glaucoma 10 (2001) 102—108.



PoLYMERIC BIOMATERIALS

[13] S.M. Mc Glinchey, C.P. McCoy, S.P. Gorman,
D.S. Jones, Key biological issues in contact lens
development, Expert Rev. Med. Devices 5 (2008)
581—590.

[14] O. Wichterle, D. Lim, Hydrophilic gels
for biological use, Nature 185 (1960) 117—118.

[15] R.L. Taylor, M.D. Willcox, T.J. Williams,
J. Verran, Modulation of bacterial adhesion to
hydrogel contact lenses by albumin, Optom. Vis.
Sci. 75 (1998) 23—29.

[16] R.M. Hesby, C.R. Haganma, C.M. Standford,
Effects of radiofrequency glow discharge on
impression material surface wettability, J. Pros-
thet. Dent 77 (1997) 414—422.

[17] T. Okada, Y. Ikada, Modification of silicone
surface by graft polymerization of acrylamide
with corona discharge, Makromol. Chem. 192
(1991) 1705—1713.

[18] G. Brian, H. Taylor, Cataract blindness: chal-
lenges for the 21st century, Bull. World Health
Organ 79 (3) (2001) 249—256.

[19] A.S. Obstbaum, Biologic relationship between
poly-(methyl methacrylate) intraocular lenses
and uveal tissue, J. Cataract Refract. Surg 18
(1992) 219—-231.

[20] A.W. Lloyd, R.G.A. Faragher, S.P. Denyer,
Ocular biomaterials and implants, Biomaterials
22 (2001) 769—785.

[21] A.S. Patel, Intraocular lens implants: a scientific
perspective, in: B.D. Ratner, A.S. Hoffman,
F.J. Schoen, J.LE. Lemons (Eds.), Biomaterials
Science: An Introduction to Materials in Medi-
cine, Elsevier, San Diego, CA, 2004. Chapter
7.11.

[22] M.U. Koch, D. Kalicharan, J.J.L. Vanderwant,
Lens epithelial cell formation related to hydrogel
foldable intraocular lenses, J. Cataract. Refract.
Surg 25 (1999) 1637—1640.

[23] L. Werner, Biocompatibility of intraocular lens
materials, Curr. Opin. Ophthalmol 19 (2008)
41—49.

[24] L. Werner, D.J. Apple, M. Kaskaloglu,
S.K. Pandey, Dense opacification of the optical
component of a hydrophilic acrylic intraocular
lens: a clinicopathologic analysis of 9 explanted
lenses, J. Cataract Refract. Surg 27 (2001)
1485—1492.

[25] AM. Izak, L. Werner, S.K. Pardey, D.J. Apple,
Calcification of modern foldable hydrogel intra-
ocular lens designs, Eye 17 (2003) 393—406.

101

[26] J.P. Whitcher, M. Srinivasan, M.P. Upadhyay,
Corneal blindness: a global perspective, Bull.
World Health Organ 79 (2001) 214—221.

[27] D. Myung, PE. Duhamel, J.R. Cochran,
J. Noolandi, C.N. Ta, C.W. Frank, Development
of hydrogel-based keratoprostheses: a materials
perspective, Biotechnol. Prog 24 (2008)
735—741.

[28] M. Griffith, W.B. Jackson, N. Lagali, K. Merrett,
F. Li, P. Fagerholm, Artificial corneas: a regener-
ative medicine approach, Eye (in press).

[29] H. Sheardown, M. Griffith, Regenerative medi-
cine in the cornea, in: A. Atala, R. Lanza,
J. Thompson, R. Nerem (Eds.), Principles of
Regenerative Medicine, Elsevier, Boston, 2008,
pp- 1060—1071.

[30] T.V. Chirila, C.R. Hichs, PD. Dalton,
S. Vijayasekaran, X. Lou, Y. Hong, A.B. Clayton,
B.W. Ziegelaar, J.H. Fitton, S. Platten,
G.J. Crawford, 1.J. Constable., Artificial cornea,
Prog. Polym. Sci. 23 (1998) 447—473.

[31] D.R. Caldwell, The soft keratoprosthesis, Trans.
Am. Ophthalmol. Soc. 95 (1997) 751—802.

[32] S. Pintucci, F. Pintucci, S. Caiazza, M. Cecconi,
The Dacron felt colonizable keratoprosthesis,
after 15 years, Eur. J. Ophthalmol 6 (1996)
125—130.

[33] J.C. Barber, Keratoprosthesis: past and present,
Int. Ophthalmol. Clin 28 (1988) 103—109.

[34] F. Yaghouti, C.H. Dohlman, Innovations in ker-
atoprosthesis, proved and unproved, Int. Oph-
thalmol. Clin 39 (1999) 27—36.

[35] B.E. Khan, J. Dudenhoefer, C.H. Dohlman,
Keratoprosthesis, an update, Curr. Opin. Oph-
thalmol 12 (2001) 282—287.

36] M. Nouri, H. Terada, E.C. Alfonso, C.S. Foster,
M.L. Durand, C.H. Dohlman, Endophthalmitis
after keratoprosthesis, incidence, bacterial causes
risk factors, Arch. Ophthalmol 11 (2001)
484—489.

[37] T.V. Chirila, An overview of the development of
artificial corneas with porous skirts and the use of
PHEMA for such an application, Biomaterials 22
(2001) 3311—-3317.

[38] J.T. Jacob, C. Wallace, J. Bi, Characterization of
corneal epithelial cell adhesion on novel hydro-
gels, Invest. Ophthalmol. Vis. Sci. 45 (2004).
U564—U564.

[39] N.A. Peppas, E.W. Merrill, Development of
semicrystalline poly(vinyl alcohol) hydrogels for



102 HANDBOOK OF BIOPOLYMERS AND BIODEGRADABLE PLASTICS

biomedical applications, J. Biomed. Mater. Res.
11 (1977) 423—434.

[40] H. Miyashita, S. Shimmura, H. Kobayashi,
T. Taguchi, N. Asano-Kato, Y. Uchino, M. Kato,
J. Shimazaki, J. Tanaka, K. Tsubota, Collagen-
immobilized poly(vinyl alcohol) as an artificial
cornea scaffold that supports a stratified corneal
epithelium, J. Biomed. Mater. Res. 76B (2005)
56—63.

[41] F. Li, D. Carlsson, C. Lohmann, E. Suuronen,
S. Vascotto, K. Kobuch, H. Sheardown,
R. Munger, M. Nakamura, M. Griffith, Cellular
and nerve regeneration within a biosynthetic
extracellular matrix for corneal transplantation,
Proc. Natl. Acad. Sci. USA 100 (2003)
15346—15351.

[42] T.V. Chirila, S. Vijayasekaran, R. Horne,
Y.C. Chen, PD. Dalton, IJ. Constable,
G.J. Crawford, Interpenetrating polymer
network (IPN) as a permanent joint between the
elements of a new type of artificial cornea, J.
Biomed. Mater. Res. 28 (1994) 745—753.

[43] L. Liu, H. Sheardown, Sheardown Glucose
permeable poly(dimethyl siloxane) poly(N-
isopropylacrylamide) interpenetrating networks
as ophthalmic biomaterials, Biomaterials 26
(2005) 233—244.

[44] D. Myung, W. Koh, J. Ko, Y. Hu, M. Carrasco,
J. Noolandi, C.N. Ta, C.W. Frank, Biomimetic
strain hardening in interpenetrating polymer
network hydrogels, Polymer 48 (2007)
5376—5387.

[45] D. Myung, W. Koh, A. Bakri, F. Zhang,
A. Marshall, J. Ko, J. Noolandi, M. Carrasco,
J.R. Cochran, C.W. Frank, C.N. Ta, Design and
fabrication of an artificial cornea based on
a photolithographically patterned hydrogel
construct, Biomed Microdev 9 (2007)
911-922.

[46] D. Myung, N. Farooqui, D. Waters, S. Schaber,
W. Koh, M. Carrasco, J. Noolandi, C.W. Frank,
C.N. Ta, Glucose-permeable interpenetrating
polymer network hydrogels for corneal implant
applications, a pilot study, Curr. Eye. Res. 9
(2008) 29—43.

[47] V. Premnath, W.H. Harris, M. Jasty,
E.W. Merrill, Gamma sterilization of
UHMWPE articular implants: an analysis of the
oxidation problem, Biomaterials 17 (1996)
1741—1753.

[48] W.J. Maloney, R.L. Smith, Periprosthetic
osteolysis in total hip arthroplasty: the role of
particulate debris, J. Bone Joint Surg 77A
(1995) 1448—1461.

[49] N. Tomita, T. Kitakura, N. Onmori, Y. Ikada,
E. Aoyama, Prevention of fatigue cracks in
ultrahigh molecular weight polyethylene joint
components by the addition of vitamin E, J.
Biomed. Mater. Res. 48 (1999) 474—478.

[50] M. Jasty, H.E. Rubash, O. Muratoglu, Highly
cross-linked polyethylene: the debate is
over—in the affirmative, J. Arthroplasty 20
(2005) 55-58.

[51] M.D. Ries, Highly cross-linked polyethylene:
the debate is over—in opposition, J. Arthro-
plasty 20 (2005) 55—58.

[52] J. Charnley, The bonding of prosthesis to bone
by cement, J. Bone Joint Surg 46 (1964)
518—529.

[53] M. Navarro, A. Michiardi, O. Castano,
J.A. Planell, Biomaterials in orthopaedics, J.R.
Soc. Interface 5 (2008) 1137—1158.

54] M.J. Koessler, R.P. Pitto, Fat and bone marrow
embolism in total hip arthroplasty, Acta Orthop.
Belg 67 (2001) 97—109.

[55] W.J. Maloney, M. Jasty, A. Rosenberg,
W.H. Harris, Bone lysis in well-fixed cemented
femoral components, J. Bone Joint Surg. Br. 72
(1990) 966—970.

[56] M.A. Freeman, G.W. Bradley, P.A. Revell,
Observations upon the interface between bone
and polymethylmethacrylate cement, J. Bone
Joint Surg. Br. 64 (1982) 489—493.

[57] K. Kawanabe, J. Tamura, T. Yamamuro,
T. Nakamura, T. Kokubo, S. Yoshihara, New
bioactive bone cement consisting of bis-GMA
resin and bioactive glass powder, J. Appl. Bio-
mater. 4 (1993) 135—141.

[58] J. Tamura, T. Kitsugi, H. lida, H. Fujita,
T. Nakamura, T. Kokubo, S. Yoshihara, Bone
bonding ability of bioactive cements, Clin.
Orthop 343 (1997) 183—191.

[59] M.J. Dalby, L. Disilvio, E.J. Harper,
W. Bonfield, In vitro evaluation of a new poly-
methylmethacrylate cement reinforced with
hydroxyapatite, J. Mater. Sci. Mater. Med 10
(1999) 793—796.

[60] J.T. Heikkila, A.J. Aho, I. Kangasniemi, A. Yli-
Urpo, Polymethylmethacrylate composites:
disturbed bone formation at the surface of



PoLYMERIC BIOMATERIALS

bioactive glass and hydroxyapatite, Biomate-
rials 17 (1996) 1755—1760.

[61] B. Weightman, M.A.R. Freeman, P.A. Revell,
M. Braden, B.E.J. Alberkttsson, L.V. Carlson,
The mechanical properties of cement and loos-
ening of the femoral component of hip replace-
ments, J. Bone Joint Surg 69B (1987) 558—564.

[62] P. Revell, M. Braden, B. Weightman,
M. Freeman, Experimental studies of the bio-
logical response to a new bone cement: II soft
tissue reactions in the rat, Clin. Mater 10 (1992)
233-238.

[63] E.J. Harper, J.C. Behiri, W. Bonfield, Flexural
and fatigue properties of a bone cement based
upon polyethylmethacrylate and hydroxyapa-
tite, J. Mater. Sci. Mater. Med 6 (1995)
799—803.

[64] T. Uemura, J. Dong, Y. Wang, H. Kojima,
T. Saito, lejima, M. Kikuchi, J. Tanaka,
T. Tateishi, Transplantation of cultured bone
cells using combinations of scaffolds and culture
techniques, Biomaterials 24 (2003) 2277—2286.

[65] T. Jiang, W.I. Abdel-Fattah, C.T. Laurencin, In
vitro evaluation of chitosan/poly(lactic acid-
glycolic acid) sintered microsphere scaffolds
for bone tissue engineering, Biomaterials 27
(2006) 4894—4903.

[66] E. Fragonas, M. Valente, M. Pozzi-Mucelli,
R. Toffanin, R. Rizzo, F. Silvestri, F. Vittur,
Articular cartilage repair in rabbits by using
suspensions of allogenic chondrocytes in algi-
nate, Biomaterials 21 (2000) 795—801.

[67] B. Ongpipattanakul, T. Nguyen,
T.F. Zioncheck, R. Wong, G. Osaka,
L. DeGuzman, W.P. Lee, L.S. Beck, Develop-
ment of tricalcium phosphate/amylopectin
paste combined with recombinant human
transforming growth factor beta 1 as a bone
defect filler, J. Biomed. Mater. Res. 36 (1997)
295-305.

[68] G.J. Dias, P.V. Peplow, F. Teixeira, Osseous
regeneration in the presence of oxidized cellu-
lose and collagen, J. Mater. Sci. Mater. Med 14
(2003) 739—745.

[69] E. Vogelin, N.F. Jones, J.I. Huang, J.H. Brekke,
J.R. Lieberrman, Healing of a critical-sized
defect in the rat femur with use of a vascularized
periosteal flap, a biodegradable matrix, and
bone morphogenetic protein, J. Bone Joint Surg.
Am. 87 (2005) 1323—1331.

103

[70] S.A. Hutchens, R.S. Benson, B.R. Evans,
H.M. O’Neill, C.J. Rawn, Biomimetic synthesis
of calcium-deficient hydroxyapatite in a natural
hydrogel, Biomaterials 27 (2006) 4661—4670.

[71] D.J. Lyman, Polyurethanes. 1. The solution
polymerization of diisocyanates with ethylene
glycol, J. Polym. Sci. 45 (1960) 49—59.

[72] J. Blackwell, K.H. Gardner, Structure of the
hard segments in polyurethane elastomers,
Polymer 20 (1979) 13—17.

[73] J. Blackwell, C.D. Lee, Hard-segment poly-
morphism in MDI diol-based polyurethane
elastomers, J. Polym. Sci. Polym. Phys. 22
(1984) 759—772.

[74] D.J. Lyman, J.L. Brash, S.W. Chaikin,
K.G. Klein, M. Carini, Effects of chemical
structure and surface properties of synthetic
polymers on coagulation of blood. 2. Protein and
platelet interaction with polymer surfaces, Trans.
Am. Soc. Artif. Int. Org 14 (1968) 250—255.

[75] J.P. Santerre, K. Woodhouse, G. Laroche,
R.S. Labow, Understanding the biodegradation
of polyurethanes: from classical implants to
tissue engineering materials, Biomaterials 26
(2005) 7457—17470.

[76] K.M. Zia, M. Barikani, I.A. Bhatti, M. Zuber,
H.N. Bhatti, Synthesis and characterization of
novel, biodegradable, thermally stable chitin-
based polyurethane elastomers, J. Appl. Polym.
Sci. 110 (2008) 769—776.

[77] D. Xu, Z. Meng, M. Han, K. Xi, X. Jia, X. Yu,
Q. Chen, Novel blood-compatible waterborne
polyurethane using chitosan as an extender,
J. Appl. Polym. Sci. 109 (2008) 240—246.

[78] M. Szycher, V.L. Poirier, D.J. Dempsey,
Development of an aliphatic biomedical grade
polyurethane elastomer, J. Elastom. Plast 15
(1982) 81-95.

[79] L. Pinchuk, A review of the biostability and
carcinogenicity of polyurethanes in medicine
and the new generation of “biostable” poly-
urethanes, J. Biomater. Sci. Polym. Ed. 6 (1994)
225-267.

[80] P.A. Gunatillake, G.F. Meijs, E. Rizzardo,
R.C. Chatelier, S.J. McCarthy, A. Brandwood,
K. Schindhelm, Polyurethane elastomers based
on a novel macrodiols and MDI: synthesis,
mechanical properties and resistance to hydro-
lysis and oxidation, J. Appl. Polym. Sci. 46
(1992) 319—328.



104 HaNDBOOK OF BIOPOLYMERS AND BIODEGRADABLE PLASTICS

[81] P.A. Gunatillake, G.F. Meijs, S.J. McCarthy,
Polysiloxane-containing polyurethane elasto-
meric compositions, International Patent
Application PCT/AU97/00619, 1996.

[82] A. Thakahara, R.W. Hergenrother, A.J. Coury,
S.L. Cooper, Effect of soft segment chemistry
on the biostability of segmented polyurethanes.
I. In vitro oxidation, J. Biomed. Mater. Res. 25
(1991) 341-356.

[83] A. Thakahara, R.W. Hergenrother, A.J. Coury,
S.L. Cooper, Effect of soft segment chemistry
on the biostability of segmented polyurethanes.
II. In vitro hydrolytic stability, J. Biomed.
Mater. Res. 26 (1992) 801—818.

[84] S.A. Guelcher, Biodegradable polyurethanes:
synthesis and applications in regenerative medi-
cine, Tissue Eng. PT B Rev. 14 (2008) 3—17.

[85] G.A. Skarja, K.A. Woodhouse, Structure-
property relationships of degradable poly-
urethane elastomers containing an amino acid-
based chain extender, J. Appl. Polym. Sci. 75
(2000) 1522—1534.

[86] G.A. Skarja, K.A. Woodhouse, In vitro degra-
dation and erosion of degradable, segments
polyurethanes containing an amino acid-based
chain extender, J. Biomater. Sci. Polym. Ed. 12
(2001) 851—873.

[87] J. Guan, W.R. Wagner, Synthesis, characteriza-
tion and cytocompatibility of polyurethaneurea
elastomers with designed elastase sensitivity,
Biomacromolecules 6 (2005) 2833—2842.

[88] G.L.Y. Woo, M.W. Mittelman, J.P. Santerre,
Synthesis and characterization of a novel
biodegradable antimicrobial polymer, Bioma-
terials 21 (2000) 1235—1246.

[89] A.M. Seifalian, A. Giudiceandrea, T. Schmitz-
Rixen, G. Hamilton, Noncompliance: the silent
acceptance of a villain, in: P. Zille, H.P. Greisler
(Eds.), Tissue Engineering of Vascular Pros-
thetic Grafts, Landes, Georgetown, 1999.
Chapter 2.

[90] S. Venkatraman, F. Boey, L.L. Lao, Implanted
cardiovascular polymers: natural, synthetic and
bio-inspired, Prog. Polym. Sci. 33 (2008)
853—874.

[91] J. Rumisek, C. Wade, K. Kaplan, C. Okerberg,
J. Corley, M. Barry, J. Clarke, The influence of
early surface thromboreactivity on long-term
arterial graft patency, Surgery 105 (1989)
654—661.

[92] J.P. Eiderg, O. Roder, M. Stahl-Madsen,
N. Eldrup, P. Qvarfordt, A. Laursen, et al.,
Fluropolymer-coated Dacron graft versus PTFE
grafts for femorofemoral crossover by pass, Eur.
J. Vasc. Endovasc. Surg 32 (2006) 431—438.

[93] J. San Roman, J. Bujan, J.M. Bellon,
A. Gallardo, M.C. Escudero, E. Jorge, J. de
Haro, L. Alvarez, J.L. Castillo-Olivares,
Experimental study of the antithrombogenic
behavior of Dacron vascular grafts coated with
hydrophilic acrylic copolymers bearing sali-
cylic acid residues, J. Biomed. Mater. Res. 32
(1996) 19—-27.

[94] K. Kottke-Marchant, J. Anderson, Y. Umemura,
R. Marchant, Effect of albumin coating on the in
vitro blood compatibility of Dacron arterial
prostheses, Biomaterials 10 (1989) 147—155.

[95] Y. Merhi, R. Roy, R. Guidoin, J. Hebert,
W. Mourad, S.B. Slimane, Cellular reactions to
polyester arterial prostheses impregnated with
cross-linked albumin: in vivo studies in mice,
Biomaterials 10 (1989) 56—58.

[96] H. Parsson, W. Jundzill, K. Johansson,
T. Jonung, L. Norgren, Healing characteristics
of polymer-coated or collagen-treated Dacron
grafts: an experimental porcine study, Car-
diovasc. Surg 2 (1994) 242—248.

[97] A.Kishida, Y. Ueno, N. Fukudome, E. Yashima,
I. Maruyama, M. Akashi, Immobilization of
human thrombomodulin onto poly(ether
urethane urea) for developing antithrombogenic
blood-contacting materials, Biomaterials 15
(1994) 848—852.

[98] FJ. Veith, S.K. Gupta, E. Ascer, S. White-
Flores, R.H. Samson, L.A. Scher, J.B. Towne,
V.M. Bernhard, P. Bonier, W.R. Flinn,
P. Astleford, J.S.T. Yao, J.J. Bergan, Six-year
prospective multicenter randomized compar-
ison of autologous saphenous vein and
expanded polytetrafluoroethylene grafts in
infringuinal arterial reconstruction, J. Vasc.
Surg 3 (1986) 104—114.

[99] A.W. Clowes, A.M. Gown, S.R. Hanson,
M.A. Reidy, Mechanisms of arterial graft
failure. 1. Role of cellular proliferation in early
healing of PTFE prostheses, Am. J. Pathol 118
(1985) 43—54.

[100] J.M. Bellon, J. Bujan, L.A. Contreras,
A. Hernando, F. Jurado, Similarity in behavior
of polytetrafluoroethylene (ePTFE) prostheses



PoLYMERIC BIOMATERIALS

implanted into different interfaces, J. Biomed.
Mater. Res. 31 (1996) 1-9.

[101] D.L. Akers, Y.H. Du, R.F. Kempscinski, The
effect of carbon coating and porosity on early
patency of expanded polytetrafluoroethylene
grafts: an experimental study, J. Vasc. Surg 18
(1993) 10—15.

[102] B.H. Walpoth, R. Rogulenko, E. Tikhvinskaia,
S. Gogolewski, T. Schaffner, O.M. Hess,
U. Althaus, Improvement of patency rate in
heparin-coated small synthetic vascular grafts,
Circulation 98 (1998) 11319—11323.

[103] J.L. Fisher, R.C. Thomson, J.W. Moore,
P.C. Begovac, Functional parameters of
thromboresistant heparinized e-PTFE vascular
grafts, Cardiovasc. Pathol 11 (2002). 42—42.

[104] H.P. Greisler, D.J. Cziperle, D.U. Kim,
J.D. Garfield, D. Petsikas, PM. Murchan,
E.O. Applegren, W. Drohan, W.H. Burgess,
Enhanced endotheliazation of expanded poly-
tetrafluoroethylene grafts by fibroblast growth
factor type 1 pretreatment, Surgery 112 (1992)
244-254.

[105] B.H. Walpoth, P. Zammaretti,
M. Cikirikcioglu, E. Khabiri, M.K. Djebaili,
J.C. Pache, J.C. Tille, Y. Aggoun, D. Morel,
A. Kalangos, J.A. Hubbell, A.H. Zisch,
Enhanced thickening of expanded polytetra-
fluoroethylene grafts coated with fibrin or
fibrin-releasing vascular endothelial growth
factor in the pig carotid artery interposition
model, J. Thorac. Cardiovasc. Surg 133 (2007)
1163—1170.

[106] F. Couet, N. Rajan, D. Mantovani, Macromo-
lecular biomaterials for scaffold-based vascular
tissue engineering, Macromol. Biosci 7 (2007)
701-718.

[107] L. Xue, H.P. Greisler, Biomaterials in the
development and future of vascular grafts,
J. Vasc. Surg 37 (2003) 472—480.

[108] E. Rabkin, F.J. Schoen, Cardiovascular tissue
engineering, Cardiovasc, Pathol 11 (2002)
305—-317.

[109] M.C. Chen, HW. Tsai, Y. Chang, W.Y. Lai,
FL. Mi, C.T. Liu, H.S. Wong, HW. Sung,
Rapidly self-expandable polymeric stents with
a shape-memory property, Biomacromolecules
8 (2007) 2774—2780.

[110] Y.S. Wong, Y. Xiong, S.S. Venkatraman,
FY. Boey, Shape memory in un-cross-linked

105

biodegradable polymers, J. Biomater. Sci.
Polym. Ed. 19 (2008) 175—191.

[111] D. Reiter, Methods and materials for wound
closure, Otolaryngol. Clin. North Am. 28
(1995) 1069—1080.

[112] D.K. Drew, L. Supik, C.R. Darrow, G.F. Price,
Tissue repair using laser: a review, Orthopae-
dics 16 (1993) 581—587.

[113] N.A. Swanson, T.A. Tromovitch, Suture
materials, 1980s: properties, uses, and abuses,
Int. J. Dermatol 21 (1982) 373—378.

[114] R.B. Seyomour, C.E. Carraher (Eds.), Struc-
ture—Property Relationships in Polymers,
Plenum Press, New York, 1984.

[115] G.L. Listner, Polypropylene (PP) sutures,
Patent 3 630 (1971) 205.

[116] M. Wishman, G.E. Hagler, Polypropylene
fibers, in: M. Lewin, E.M. Pearce (Eds.),
Handbook of Fiber Science and Technology,
vol. 4, Marcel Dekker, New York, 1985.

[117] DJ. Apple, N. Mamalis, S.E. Brady,
K. Loftfield, D. Kavka-Van Norman,
R.J. Olson, Biocompatibility of implant mate-
rials: a review and scanning electron micro-
scopic study, J. Am. Intraocul. Implant Soc. 10
(1984) 53—66.

[118] C.C. Chu, Chemical structure and
manufacturing processes, in: C.C. Chu, J. von
Fraunhofer, H.P. Greisler (Eds.), Wound
Closure Biomaterials and Devices, CRC Press,
Boca Raton, FL, 1997.

[119] C.C. Chu, Textile-based biomaterials for
surgical applications, in: S. Dumitriu (Ed.),
Polymeric Biomaterials, Marcel Dekker, New
York, 2003.

[120] C.C. Chu, Z. Kizil, Qualitative-evaluation of
stiftness of commercial suture materials, Surg.
Gynecol. Obstet 168 (1989) 233—238.

[121] M.C. Dang, J.G. Thacker, J.C.S. Hwang,
G.T. Rodeheaver, S.M. Melton, R.F. Edlich,
Some biomechanical considerations of poly-
tetrafluoroethylene sutures, Arch. Surg 125
(1990) 647—650.

[122] E. Urban, M.W. King, R. Guidoin, G. Laroche,
Y. Marois, L. Martin, A. Cardou, Y. Douville,
Why make monofilament sutures out of poly-
vinylidene fluoride? ASAIO 40 (1994)
145—156.

[123] E.J. Frazza, E.E. Schmitt, A new absorbable
suture, J. Biomed. Mater. Res. 5 (1971) 43—58.



106 HaNDBOOK OF BIOPOLYMERS AND BIODEGRADABLE PLASTICS

[124] R.A. Miller, J.M. Brady, D.E. Cutright, Degra-
dation rates of oral resorbable implants (poly-
lactates and polyglycolates): rate modification
with changes in PLA/PGA copolymer ratios,
J. Biomed. Mater. Res. 11 (1977) 711—719.

[125] S.W. Shalaby, Synthetic absorbable polyesters,
in: S.W. Shalaby (Ed.), Biomedical Polymers:
Designed to Degrade Systems, Hanser Press,
New York, 1994.

[126] P.S. Malchesky, Extracorporeal artificial
organs, in: B.D. Ratner, A.S. Hoffman,
F.J. Schoen, J.E. Lemons (Eds.), Biomaterials
Science: An Introduction to Materials in
Medicine, Elsevier, San Diego, CA, 2004.
Chapter 7.6.

[127] R. Schaefer, W. Horl, K. Kokot, A. Heidland,
Enhanced biocompatibility with a new cellu-
losic membrane: cuprophan vs hemophan,
Blood Purif 5 (1987) 262—267.

[128] S. Bowry, T. Rintelen, Synthetically modified
cellulose: a cellulosic hemodialysis membrane
with minimized complement activation,
ASAIO J 44 (1998) M579—M583.

[129] WR. Clark, RJ. Hamburger, M.J. Lysaght,
Effect of membrane composition and structure
on solute removal and biocompatibility in
hemodialysis, Kidney Int 56 (1999) 2005—2015.

[130] R. Vanholder, R. De Smet, G. Glorieux, et al.,
Review on uremic toxins: classification,
concentration, and interindividual variability,
Kidney Int 63 (2003) 1934—1943.

[131] C.S. Bouman, R.W. van Olden,
C.P. Stoutenbeek, Cytokine filtration and
adsorption during pre- and postdilution hemo-
filtration in four different membranes, Blood
Purif 16 (1998) 261—268.

[132] C. Schmidt, J.B. Leach, Neural tissue engi-
neering: strategies for repair and regeneration,
Annu. Rev. Biomed. Eng 5 (2003) 293—347.

[133] L. Dahlin, G. Lundborg, The use of silicone
tubing in the late repair of the median and ulnar
nerves in the forearm, J. Hand Surg. (Br) 26
(2001) 393—394.

[134] B.C. Vasconcelos, C. Gay-Escoda, Facial nerve
repair with expanded polytetrafluoroethylene
and collagen conduits: an experimental study in
the rabbit, J. Oral Maxillofac. Surg 58 (2000)
1257—1262.

[135] H. Molander, Y. Olsson, O. Engkvist,
S. Bowald, 1. Eriksson, Regeneration of

peripheral nerve through a polyglactin tube,
Muscle Nerve 5 (1982) 54—57.

[136] G.R. Evans, K. Brandt, M.S. Widmer, L. Lu,
R.K. Meszlenyi, PK. Gupta, A.G. Mikos,
J. Hodges, J. Williams, A. Giirlek, A. Nabawi,
R. Lohman, C.W. Patrick Jr., In vivo evaluation
of poly(L-lactic acid) porous conduits for
peripheral nerve regeneration, Biomaterials 20
(1999) 1109—1115.

[137] E.Nyilas, T.H. Chiu, R.L. Sidman, E.W. Henry,
T.M. Brushart, P. Dikkes, R. Madison, Periph-
eral nerve repair with bioresorbable prosthesis,
Trans. Am. Soc. Artif. Int. Org 29 (1983)
307—-313.

[138] A. Valero-Cabré, K. Tsironis, E. Skouras,
G. Perego, X. Navarro, W.F. Neiss, Superior
muscle reinnervation after autologous nerve
graft or poly-L-lactide-epsilon-caprolactone
(PLC) tube implantation in comparison to sili-
cone tube repair, J. Neurosci. Res. 63 (2001)
214-223.

[139] N. Nicoli Aldini, M. Fini, M. Rocca,
G. Giavaresi, R. Giardino, Guided regeneration
with resorbable conduits in experimental
peripheral nerve injuries, Int. Orthop 24 (2000)
121—-125.

[140] G. Soldani, G. Varelli, A. Minnocci, P. Dario,
Manufacturing and microscopical character-
ization of polyurethane nerve guidance channel
featuring a highly smooth internal surface,
Biomaterials 19 (1998) 1919—1924.

[141] R.C. Young, M. Wiberg, G. Terenghi, Poly-3-
hydroxybutyrate (PHB): a resorbable conduit
for long-gap repair in peripheral nerves, Br. J.
Plast. Surg 55 (2002) 235—240.

[142] R.F. Valentini, T.G. Vargo, J.A. Gardella Jr.,
P. Aebischer, Electrically charged polymeric
substrates enhance nerve fiber outgrowth in
vitro, Biomaterials 13 (1992) 183—190.

[143] C.E. Schmidt, V.R. Shastri, J.P. Vacanti,
R. Langer, Stimulation of neurite outgrowth
using an electrically conducting polymer, Proc.
Natl. Acad. Sci. USA 94 (1997) 8948—8953.

[144] E.G. Fine, R.F. Valentini, R. Bellamkonda,
P. Aebischer, Improved nerve regeneration
through piezoelectric vinylidenefluoride-tri-
fluoroethylene copolymer guidance channels,
Biomaterials 12 (1991) 775—780.

[145] J.H. Collier, J.P. Camp, T.W. Hudson,
C.E. Schmidt, Synthesis and characterization of



PoLYMERIC BIOMATERIALS

polypyrrole-hyaluronic acid composite bioma-
terials for tissue engineering applications,
J. Biomed. Mater. Res. 50 (2000) 574—584.

[146] PR. Bidez III, S. Li, A.G. Macdiarmid,
E.C. Venancio, Y. Wei, P.I. Lelkes, Polyaniline,
an electroactive polymer, supports adhesion
and proliferation of cardiac myoblasts, J. Bio-
mater. Sci. Polym. Ed. 17 (2006) 199—212.

[147] A.P. Balgude, X. Yu, A. Szymanski,
R.V. Bellamkonda, Agarose gel stiffness deter-
mines rate of DRG neurite extension in 3D
cultures, Biomaterials 22 (2001) 1077—1084.

[148] G.Haipeng,Z. Yinghui, L. Jianchun, G. Yandao,
7. Nanming, Z. Xiufang, Studies on nerve cell
affinity of  chitosan-derived  materials,
J. Biomed. Mater. Res. 52 (2000) 285—295.

[149] M.R. Wells, K. Kraus, D.K. Batter, D.G. Blunt,
J. Weremowitz, S.E. Lynch, H.N. Antoniades,
H.A. Hansson, Gel matrix vehicles for growth
factor application in nerve gap injuries repaired
with tubes: a comparison of biomatrix,
collagen, and methylcellulose, Exp. Neurol 146
(1997) 395—402.

[150] B.R. Seckel, D. Jones, K.J. Hekimian,
K.K. Wang, D.P. Chakalis, P.D. Costas, Hya-
luronic acid through a new injectable nerve
guide delivery system enhances peripheral
nerve regeneration in the rat, J. Neurosci. Res.
40 (1995) 318—324.

[151] T. Hashimoto, Y. Suzuki, M. Kitada,
K. Kataoka, S. Wu, K. Suzuki, K. Endo,
Y. Nishimura, C. Ide, Peripheral nerve regen-
eration through alginate gel: analysis of early
outgrowth and late increase in diameter of
regenerating axons, Exp. Brain Res. 146 (2002)
356—368.

[152] C.B. Herbert, C. Nagaswami, G.D. Bittner,
J.A. Hubbell, J.W. Weisel, Effects of fibrin
micromorphology on neurite growth from
dorsal root ganglia cultures in three-dimen-
sional fibrin gels, J. Biomed. Mater. Res. 40
(1998) 551—559.

[153] T. Satou, S. Nishida, S. Hiruma, K. Tanji,
M. Takahashi, S. Fujita, Y. Mizuhara, F. Akai,
S. Hashimoto, A morphological study on the
effects of collagen gel matrix on regeneration
of severed rat sciatic nerve in silicone tubes,
Acta Pathol. Jpn 36 (1986) 199—208.

[154] P. Sierpinski, J. Garrett, J. Ma, P. Apel,
D. Klorig, T. Smith, L.A. Koman, A. Atala, Van

107

M. Dyke, The use of keratin biomaterials
derived from human hair for the promotion of
rapid regeneration of peripheral nerves,
Biomaterials 29 (2008) 118—128.

[155] T.C. Holmes, S. de Lacalle, X. Su, G. Liu,
A.Rich, S. Zhang, Extensive neurite outgrowth
and active synapse formation on self-assem-
bling peptide scaffolds, Proc. Natl. Acad. Sci.
USA 97 (2000) 6728—6733.

[156] X. Yu, G.P. Dillon, R.V. Bellamkonda, Tissue-
engineered scaffolds are effective alternatives
to autografts for bridging peripheral nerve gaps,
Tissue Eng 9 (1999) 421—430.

[157] L.R. Williams, S. Varon, Modification of fibrin
matrix formation in situ enhances nerve
regeneration in silicone chambers, J. Comp.
Neurol 231 (1985) 209—220.

[158] J.C. Schense, J.A. Hubbell, Cross-linking
exogenous bifunctional peptides into fibrin gels
with factor XIIla, Bioconjug. Chem. 10 (1999)
75—81.

[159] M.B. Chen, FE. Zhang, W.C. Lineaweaver,
Luminal fillers in nerve conduits for peripheral
nerve repair, Ann. Plast. Surg 57 (2006)
462—471.

[160] T.T. Ngo, PJ. Waggoner, A.A. Romero,
K.D. Nelson, R.C. Eberhart, G.M. Smith,
Poly(L-Lactide) = microfilaments  enhance
peripheral nerve regeneration across extended
nerve lesions, J. Neurosci. Res. 72 (2003)
227-238.

[161] X. Wang, W. Hu, Y. Cao, J. Yao, J. Wu, X. Gu,
Dog sciatic nerve regeneration across a 30-mm
defect bridged by a chitosan/PGA artificial
nerve graft, Brain 128 (2005) 1897—1910.

[162] D. Ceballos, X. Navarro, N. Dubey,
G. Wendelschafer-Crabb, W.R. Kennedy,
R.T. Tranquillo, Magnetically aligned collagen
gel filling a collagen nerve guide improves
peripheral nerve regeneration, Exp. Neurol 158
(1999) 290—300.

[163] J. Gao, Y.M. Kim, H. Coe, B. Zem,
B. Sheppard, Y. Wang, A neuroinductive
biomaterial based on dopamine, Proc. Natl.
Acad. Sci. USA 103 (2006) 16681—16686.

[164] Y. Haile, K. Haastert, K. Cesnulevicius,
K. Stummeyer, M. Timmer, S. Berski,
G. Drager, R. Gerardy-Schahn, C. Grothe,
Culturing of glial and neuronal cells on poly-
sialic acid, Biomaterials 28 (2007) 1163—1173.



6 Biodegradable Polymers and Polymer Blends

Long Jiang and Jinwen Zhang

OUTLINE

6.1 Introduction 109

6.2 Naturally Occurring Biodegradable Polymers 110

6.2.1 Starch 110
6.2.2 Cellulose 112
6.2.3 Soy Protein Plastic 113
6.2.4 Sugar Beet Pulp (SBP) Plastics and
Composites 115
6.3 Biodegradable Polymers Derived from
Renewable Resources 116
6.3.1 Polylactic Acid 116
6.3.2 Polyhydroxyalkanoates 118
6.4 Biodegradable Polymers Derived from
Petroleum 120

6.4.1 Polycaprolactone 120
6.4.2 Poly(butylene succinate) 120
6.4.3 Poly(butylene adipate-co-terephthalate) 121

6.5 Biobased Polymers Derived from Plant Oil 121
6.5.1 Functionalization of the Carbon—Carbon

Double Bond in Triglycerides 122

6.5.2 Modification of the Ester Group 122

6.6 Rosin-Based Epoxy Curing Agents 123
6.7 Concluding Remarks 124
References 124

6.1 Introduction

Since the subject of biodegradable polymers
received wide attention in the early 1970s, biode-
gradable polymers have undergone extensive
investigations in academia and industry and expe-
rienced several important stages of development.
Since plastics account for a significant portion
(~21% by volume in the United States) of municipal
waste, degradable or biodegradable plastics were
initially intended to address the issue of “landfill
crisis,” with the anticipation that some landfill space
would be freed up if the waste plastic materials
could be biodegraded. Therefore, the first generation
of degradable plastics did not place biodegradability
and environmental footprint as a priority but focused
only on landfill space saving. Most of these products
are based on the compounds of conventional resins
such as polyolefins filled with starch or activated
with metal oxide or transition melt salt, which only
disintegrate into small pieces over time due to the

biodegradation of the starch ingredient or catalyzed
photodegradation of the polyolefins. Later on,
a series of petroleum-based synthetic polymers,
which can be termed second-generation degradable
plastics and are truly biodegradable, were developed
and entered the marketplace with an insignificant

share. These biodegradable polymers mainly
include aliphatic polyesters such as poly-
caprolactone (PCL), poly(butylene succinate)

(PBS), poly(butylene succinate-co-adipate) (PBSA),
and other aliphatic copolyesters and alipha-
tic—aromatic copolyesters such as poly(butylene
adipate-co-terephthalate) (PBAT). Meanwhile,
researchers also devoted tremendous -effort to
developing biodegradable polymers and plastic
materials from renewable resources such as starch,
soy protein (SP), cellulose, and plant oil. Starch and
SP can be thermoplasticized under heat and
mechanical agitation in the presence of appropriate
processing agents. Thermoplasticized starch and SP
can be effectively blended with other thermoplastic
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polymers to form biodegradable polymer compos-
ites. Cellulosic fiber can be directly used as re-
inforcement fiber in fiber-reinforced polymer
composites. It can also be dissolved using appro-
priate solvents and then shaped into “regenerated
cellulose” products such as fibers and sheets. Poly-
lactic acid (PLA) and polyhydroxyalkanoates
(PHAs) represent the two most important biode-
gradable polymers derived from renewable
resources. They are thermoplastics and show
mechanical properties and processability similar to
that of some petroleum-based polymers. The advent
of PLA and PHAs is a great leap forward in the
development of biodegradable polymers.

Historically, the research interest and effort on
biodegradable and biobased polymers has been up
and down, in accordance with the cycle of oil price.
The most recent oil price spike and national energy
policy shift will definitely promote the already
intensive research on alternative energy and renew-
able materials. With the tremendous interests and
efforts being put in this area, new progress and
achievements are made continuously as evidenced by
the increasing numbers of publications. This chapter
summarizes contemporary research achievements
and situations in biodegradable and biobased poly-
mers. In the following sections, we first discuss the
naturally occurring biodegradable polymers, and
then the biodegradable polymers derived from
renewable resources and the biodegradable polymers
based on petroleum. Finally, we briefly discuss
several biobased polymers that may not be
biodegradable.

6.2 Naturally Occurring
Biodegradable Polymers

The utilization of natural polymers for nonfood
uses can be traced back to ancient times. Skin and
bone parts of animals, plant fibers, starch, silk, etc.,
are typical examples of the natural polymers used
in different periods of the human history. In the last
century, the development of natural polymers was
significantly hindered due to the advent of low-cost
petrochemical polymers. It was only about two
decades ago that intensive research on natural
polymers was revived, primarily due to the issues
of environmental pollution and the depletion of
fossil oils. Modern technologies provide new
insights of the synthesis, structures, and properties

of the natural polymers. These new findings have
enabled developments of natural polymers with
novel processing characteristics and properties,
which can be used for many more advanced
applications. This section deals with three major
natural polymers: starch, cellulose, and SP. All of
them have primarily been used as human and
animal foods through history. New developments
have allowed them to be used as a material
component in polymer blends and composites to
make biodegradable products.

6.2.1 Starch

Starch is traditionally the largest source of
carbohydrates in human diet. Being a polysaccharide
polymer, starch has been intensively studied in order
to process it into a thermoplastic polymer in the hope
of partially replacing some petrochemical polymers.
Starch is a mixture of linear (amylose) and branched
(amylopectin) poly-(1,4)-a-glucose (Fig. 6.1) and
exists in the form of discrete granules. Amylose has
a typical molecular weight of several hundred thou-
sand, whereas the molecular weight of amylopectin is
much higher and is in the order of tens of millions.
Depending on the botanic origin of starch, the ratio of
amylose is typically around 20—35%. Some so-
called “waxy” starches have very low amylose
content. For example, waxy maize starch contains
less than 2% amylose. Starch granules are semi-
crystalline, containing both ordered structure (mainly
double helices of amylopectin short chains) and
amorphous structure (amylopectin long chains and
branch points and amylose) [1].

In its natural form, starch is not meltable and
therefore cannot be processed as a thermoplastic.
However, starch granules can be thermoplasticized
through a gelatinization process. In this process, the
granules are disrupted and the ordered crystalline
structure is lost under the influence of plasticizers
(e.g., water and glycerol), heat, and shear. The
resultant melt-processable starch is often termed

Figure 6.1 Chemical structure of starch.
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thermoplastic starch (TPS). Since the advent of TPS,
numerous studies have been conducted to explore its
use as a thermoplastic polymer by overcoming its
inherent drawbacks including low strength, high
moisture sensitivity, and brittleness caused by starch
retrogradation and gradual loss of the plasticizers.

To destruct the crystalline structure of starch and
allow flowability, large contents of plasticizers are
used in the preparation of TPS. Depending on the
amount of plasticizers used, TPS materials range
from glassy to rubbery state. Their stress—strain
behaviors are dependent on the content of the plas-
ticizers. Being hydrophilic, TPS is susceptible to
moisture attack during storage or service. The
increase in water content decreases glass transition
temperature (7) of TPS and subsequently reduces its
tensile strength. It was found that T, of starch—
glycerol—water blends depended linearly on the
water content [2]. Glass transition temperature
decreased from —53 °C to —105 °C when the water
content increased from 2 to 30%. A small amount of
glycerol also caused a large decrease in Ty of the
blends, but further addition of glycerol only slightly
affected Ty [2]. Besides the strength and T, TPS’s
susceptibility to water also leads to poor dimensional
stability of its final products.

On the other hand, when humidity and tempera-
ture are constant, mechanical properties of TPS
depend on the storage or service time of the products
[3]. The tensile strength of TPS increased and the
elongation degreased after the product was stored for
5 weeks at constant humidity and temperature [2].
This was due to time-dependent retrogradation
(postcrystallization) of starch in the presence of
water and glycerol.

The time-dependent properties of TPS are
a combined result of starch retrogradation, water
content fluctuation, and plasticizer (e.g., glycerol)
diffusion. These factors are difficult to control during
the storage and service life of TPS. As a result, TPS is
rarely used alone but is often blended with hydro-
phobic thermoplastic polymers to form starch-con-
taining polymer blends so that the mechanical
performance, moisture resistance, and dimensional
stability of TPS can be improved.

In the early years of starch-containing polymer
blends, dry starch granules were directly used in the
blends as a filler [4]. Since most polymers are
hydrophobic, hydrophilic starch is thermodynami-
cally immiscible with these polymers and conse-
quently resulted in weak interfacial bonding
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between the starch and the polymer matrix. This in
turn led to poor mechanical properties of the blends,
e.g., low tensile strength, low elongation, and brit-
tleness. In view of this, compatibilization between
the starch granules and the polymer matrix was
carried out. Maleic anhydride (MA) is most
commonly used and is also one of the most effective
coupling agents for the starch-containing blends. In
the literature, both biodegradable polymers, e.g.,
ethylene vinyl acetate (EVA), low-density poly-
ethylene (LDPE), and high-density polyethylene
(HDPE), and non-biodegradable polymers, e.g.,
PBS, PCL, and PLA, have been functionalized by
MA and used as compatibilizers in the correspond-
ing starch—polymer blends. Remarkable strength
increase was realized after the addition of the com-
patibilizers. The modulus and elongation of the
blends were relatively less affected [5—7].

Compared to granular starch, TPS offers a great
advantage in material processability and morphology
control as the TPS can be deformed and dispersed to
a much finer state than the dry native starch. Prop-
erty-enhancing microstructures such as co-contin-
uous structure can be formed during melt blending.
The polymers used to blend with TPS included LDPE
[8], polystyrene (PS) [9], and most often biodegrad-
able polymers such as poly(hydroxyl ester ether)
[10], castor oil-based polyurethane (PU) [11],
poly(ester amide) [12], PCL [13], and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
[14—16]. In general, the typical disadvantages of
TPS such as moisture susceptibility, brittleness, and
low strength have been reduced to various degrees by
blending with these polymers. However, mechanical
properties of these blends still decreased as the TPS
content increased. This limited the content of TPS in
the blends if the strength of the matrix needed to be
maximally maintained. The reports on compatibili-
zation between TPS and polymer matrix are
surprisingly scarce. Using a twin-screw extruder,
Huneault and Li [16] first grafted MA to PLA by free
radical grafting and then allowed the resultant MA-g-
PLA to react with TPS. In the PLA-g-MA TPS
extrudates, TPS was shown to be dispersed in a much
finer state than in the PLA—TPS blend without MA
grafting. The tensile strength and modulus showed no
obvious variation with or without MA grafting.
However, the elongation was significantly increased
when PLA-g-MA was used.

Besides being used as a dispersed component in
polymer blends, TPS has also been used as a matrix
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polymer and has been reinforced by natural fibers.
TPS—sisal fiber composite prepared by compression
molding exhibited improved tensile strength. The
strength increased from 4 MPa (neat TPS) to 8 MPa
at 10% fiber content [17]. Ma et al. [18] prepared
TPS—winceyette fiber composite by extrusion. The
composite exhibited a tensile strength of 15 MPa at
20% fiber content, tripling the strength of the unre-
inforced TPS. Using a starch-based emulsion-type
resin, Ochi prepared unidirectional continuous hemp
fiber-reinforced starch composites [19]. A tensile
strength of 365 MPa was obtained at the highest fiber
content of 75%.

In recent years, nanoclay has also been studied for
its effects on mechanical and barrier properties of
TPS and TPS—polymer blends. For example,
Wilhelm et al. reported a 70% increase in tensile
strength of TPS—hectorite nanocomposite films at
a 30% clay level [20]. Avella et al. also reported
increased mechanical properties of potato starch—
montmorillonite (MMT) nanocomposite films [21].
Especially significant, Huang et al. observed an
increase of 450% and 20% in tensile strength and
strain, respectively, after the addition of 5% clay to
corn starch—MMT nanocomposites [22]. Most
recently, Tang et al. reported significantly increased
tensile strength (up to 92% higher) and reduced water
vapor permeability (up to 67% lower) of TPS—MMT
films prepared by melt extrusion and subsequent
casting [23].

Starch can also be foamed by water vapor to make
compostable packaging foams [24]. To provide water
resistance, acetylated starch, which is a less polar
material and is more water resistant, can be used as
the foaming material [25]. For the same purpose, TPS
was also first blended with hydrophobic polymers
(e.g., PHBV, PCL, PBS, PVA, and PLA) and subse-
quently foamed [26—28]. Besides water vapor, CO,
has been also used as the foaming agent in TPS—PLA
foams [29].

6.2.2 Cellulose

Cellulose is the most abundant renewable
biopolymer on earth. About 33% of all plant matter is
cellulose. The purest natural cellulose form is cotton
(~90%). Wood contains about 50% of cellulose [30].
Cellulose can also be synthesized by some bacteria.
Cellulose is a polysaccharide having a molecular
structure similar to starch. However, the p-glucose
units are linked by B-glycosidic bonds in cellulose

Figure 6.2 Chemical structure of cellulose.

(Fig. 6.2) instead of a-glycosidic bonds in starch.
Due to this B-glycosidic bond, cellulose molecules
adopt an extended and stiff rodlike conformation.
The multiple hydroxyl groups from one chain form
hydrogen bonds with oxygen molecules on another
chain, holding the chains firmly together side by side
and forming elementary crystallites (cellulose nano-
whiskers (CNWs)) with exceptional high tensile
strength. These nanowhiskers, embedded in amor-
phous hemicellulose and lignin, form microfibrils
and further the cell wall of plant cells.

Cellulosic natural fibers (e.g., abaca, bamboo, jute,
flax, and hemp) have long been used as load-bearing
materials to reinforce polymer matrix. Compared to
traditional reinforcement fibers, e.g., glass fibers and
carbon fibers, cellulosic fibers show the advantages
of low material cost, low environmental impact
(renewability and carbon dioxide neutral, i.e., no
excess carbon dioxide is returned to the environment
when composted or combusted), and competitive
strength—density ratio [31]. Cellulosic fibers are
almost nonabrasive to processing equipment, which
contributes to substantial reduction in production
cost. They are also safer to handle compared to man-
made fibers.

A major disadvantage of cellulosic fibers is their
hydrophilicity due to the existence of large amounts
of hydroxyl groups in polysaccharide molecules.
While blending with hydrophobic matrix polymers,
this leads to serious dispersion and interface prob-
lems which often result in poor mechanical proper-
ties. Other drawbacks of using cellulosic fibers
include limited processing temperature (<200 °C),
high moisture absorption and swelling, nonuniform
dimensions and properties, and low microbial resis-
tance and product durability (if this is needed).
However, many of these disadvantages can be
reduced or even eliminated by appropriate fiber
treatment and composite processing.

One of the most promising uses of cellulosic fibers
is the development of fully biodegradable “green”
composites using biopolymers as the matrix. The
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“green” composites should be environmentally
friendly, biodegradable, and sustainable. The
disposal of the composites at the end of their service
poses no harm to the environment. For example,
Plackett et al. prepared PLA—jute fiber mat
composite by film stacking technique [32]. Tensile
strength of the composite was significantly increased
when the composite was pressed within the temper-
ature range of 180—220 °C. Interfacial bonding
between the hydrophilic fibers and the hydrophobic
polymers can be improved by compatibilization. Lee
and Wang studied the effects of coupling agent
(lysine-based diisocyanate) on the properties of
bamboo fiber (BF) composites [33]. They found that
tensile strength, water resistance, and interfacial
bonding were all improved for the PLA—BF and
PBS—BF composites after the addition of coupling
agent. Jiang et al. prepared PHBV—bamboo pulp
fiber (BPF) composites by melt compounding and
injection molding [34]. Tensile strength and
modulus, flexural strength and modulus, impact
strength, and crystallization rate were all substan-
tially increased by the addition of BPF. Tensile and
flexural elongations were also moderately increased
at low fiber contents (<20 wt%). When PHBVS§-g-
MA was used as the compatibilizer, the strength and
modulus were further increased due to improved
polymer—fiber interfacial bonding. However, the
toughness of the composites was substantially
reduced due to the hindrance to fiber pullout, a major
energy dissipation source during the composite
deformation. Cellulosic fibers were also used in SP
plastics as reinforcing agents. Lodha and Netravali
investigated ramie fiber [35] and flax yarn [36]
reinforced SP isolate (SPI) resin. They found that
stearic acid modified SPI (MSPI)—ramie fiber
composites showed significantly higher mechanical
properties compared to SPI—ramie fiber composites.
A polycarboxylic acid-based modifier (Phytagel®)
also considerably improved the mechanical and
moisture properties as well as thermal stability of the
SPI—flax yarn composites.

The elementary crystallites of cellulose, CNWs,
exhibit a Young’s modulus of over 100 GPa and
a surface area of several hundred square meters per
gram [37]. They have the potential to significantly
reinforce polymers at low volume ratios as is being
realized by other nanomaterials such as carbon
nanotubes (CNTs) and nanoclays. CNWs can be
separated from cellulosic fibers by acid hydrolysis.
Oksman’s group has performed extensive research on
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the production of CNWs and the processing of
various polymer—CNW nanocomposites by both
solution casting and extrusion blending [38—45].
Homogeneous dispersion of the whiskers posed
a great challenge in CNW nanocomposite processing
due to hydrogen bonding-induced agglomeration of
the whiskers. This was especially true when the
freeze-dried whisker powder and polymers were
compounded by extrusion. Good dispersion of CNW
in the polymer matrix was obtained by solution
casting [43] or by directly pumping whisker
suspension into the extruder during the extrusion
compounding process [39,40,45]. Dispersion agents/
compatibilizers were found to improve the dispersion
of CNW [40,41,43,45]. Composites obtained without
good dispersion showed insignificant effects on the
properties of the composites. Various degrees of
success have also been made by other researchers on
cellulose whisker-reinforced polymer composites
prepared by solution casting [46—48].

Besides being directly used as reinforcement fiber,
cellulose has also been chemically treated to form
cellulose derivatives and then dissolved in appro-
priate solvents (or directly dissolved in suitable
solvents) to produce highly viscous cellulose deriv-
ative (or cellulose) solutions. This process imparts
flowability to cellulose and thus enables its process-
ing using traditional polymer-processing equipment.
Cellulose is regenerated when the solutions are
passed through a coagulation bath. The most widely
known “regenerated cellulose” materials are cello-
phane, a thin transparent film, and rayon and lyocell,
which are both cellulose fibers. The production of
lyocell is more eco-friendly than that of rayon and
cellophane because the former does not use
hazardous CS, to form cellulose derivative and its
solvent can also be fully recycled and reused.

6.2.3 Soy Protein Plastic

Similar to starch and cellulose, SP is an abundant,
low-cost, and renewable biopolymer that shows
great potential in the polymer industry as a replace-
ment for petrochemical polymers in many applica-
tions. SP is commercially available in three different
SP concentrations: soy flour (SP concentration
~54%), SP concentrate (65—72%), and SPI (~90%).
The rest of SP is primarily carbohydrates. SP is made
from dehulled, defatted soybean meal. The concen-
tration of protein is achieved by removing (e.g.,
water/acid/aqueous alcohol wash, precipitation, and
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centrifuge) most of the soluble nonprotein
compounds, including mainly soluble carbohy-
drates, some nitrogenous substances, and minerals.
SP molecules comprise 20 different amino acids
with strong inter- and intramolecular interactions.
These interactions make SP unmeltable, and there-
fore it is impossible to process SP as a thermoplastic
polymer, unless enough amount of plasticizers, e.g.,
water, glycerol, ethylene glycol, sorbitol, etc., are
applied [49]. Other processing agents, such as
sodium tripolyphosphate for interrupting SP ionic
interactions [50], or sodium sulfite as a reducing
agent to break the disulfide bonds [51], are also used.
The use of significant amounts of plasticizers results
in low mechanical properties of SP plastics. On the
other hand, when the plasticizers migrate away from
the SP plastics during storage or service, the mate-
rials become very brittle. Moreover, the hydrophi-
licity of SP and the plasticizers leads to low moisture
resistance of SP plastics.

Blending SP plastics with biodegradable polymers
is a natural choice to overcome the aforementioned
drawbacks of SP plastics. PCL [52,53], PLA [54],
PBSA [55], and poly(tetramethylene adipate-co-
terephthalate) (PTAT) [56] have been used to blend
with SP. These polymers are hydrophobic and
therefore can not establish strong interfacial bonding
with SP. As a result, their blends with SP showed
inferior properties. On the other hand, poly(hydroxyl
ester ether) can form strong hydrogen bonding with
SP. Therefore, its blends with SP exhibited better
properties [57]. John and Bhattacharya [55] showed
that using a small amount of MA-grafted bio-
polyesters, the mechanical properties, moisture
resistance, and  processing  conditions  of
SP—biopolyester composites can be improved due to
enhanced interfacial interactions. Zhong and Sun
found that methylene diphenyl diisocyanate (MDI)
was an effective compatibilizer to increase the tensile
strength of SP—PCL blends [58]. Zhang et al.
compared the different morphologies and properties
between SPI—PLA and SPC—PLA blends [54].
SPC—PLA blend showed finer phase structures and
higher mechanical properties than SPI-PLA due to
SPC’s higher compatibility with PLA. Co-continuous
structure was realized in the SPC—PLA blends in
a broad composition range. Moreover, after applying
poly(2-ethyl-2-oxazoline) (PEOX) as a compatibil-
izer to both SP blends, the phase structure, mechan-
ical properties, and water resistance of both blends
were all improved. Very recently, by introducing

urethane and isocyanate groups to PBS, Li et al
obtained SPI-PBS blends with substantially
improved phase structures and mechanical properties
[59]. The authors attributed the compatibility to the
hydrogen bonding between the urethane groups
(—OCONH—) in PBS and the amide groups
(—CONH-) in SPI. The residual NCO groups in
isocyanate-containing PBS can also react with NH,
groups in SPI, which further strengthens interfacial
bonding between the two phases.

Jinwen Zhang and his group at Washington State
University have conducted intensive research on the
effects of processing techniques, plasticizers, com-
patibilizers, and other additives on the microstructure
and properties of SP blends. Chen and Zhang
prepared SP—PBAT blends using SP with different
water contents [60]. They found that with increasing
water content, SP’s behavior ranged from resembling
a rigid filler to a deformable filler and eventually to
a thermoplastic. A percolate SP thread structure was
formed in the blends at high water content. As
a result, mechanical properties of the blends were
significantly improved. The authors also investigated
the effects of SP content and a maleic anhydride-
grafted PBAT compatibilizer on the morphology,
mechanical properties, rheological properties, and
dynamic properties of the blends [61]. The compa-
tibilizer refined phase structure of the blends and an
SP content over 25% led to a percolated SP network
structure. Both of them contributed to the greatly
improved mechanical properties of the blends. The
effects of SP plasticization and shear stress on
the phase structure development and mechanical
properties of SP blends were further studied and
an empirical percolation model was shown to be able
to predict the formation of the percolated SP struc-
ture [62].

Liu et al. on the other hand prepared SP—PLA
blends using the same method and studied the effects
of plasticizers, compatibilizers, and other processing
aids on the properties of the blends. They compared
the plasticizing effects of water and glycerol on soy
protein and their influences on final morphology of
the blends [63]. They showed that PEOX and poly-
meric methylene diphenyl diisocyanate (pMDI) were
effective compatibilizers for the blends. When used
together, they show significant synergy in improving
the mechanical properties of the blends [64]. Acetyl
tri-n-butyl citrate and an alkene bis fatty amide were
used as processing aids to improve the processability
of the blends. Their lubricating mechanisms and
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effects on the properties of the resultant blends were
discussed [65]. Finally, the group extruded SP/PLA
foams using 4-methylbenzene-1-sulfonohydrazide as
the chemical blowing agent. The morphology of the
foams was studied and correlated to extrusion
temperature, foaming agent content, and pMDI
content [66].

The low strength of SP plastics can also be
remedied by cellulosic fibers and nanosized rein-
forcing fillers. Liu et al. found that raw grass fibers
could improve mechanical (tensile, flexural, and
impact) and thermal properties of SP plastics [67,68].
Alkali pretreatment of the raw grass fibers removed
hemicelluloses and lignin, which resulted in a larger
length—diameter ratio of the fibers and better fiber
dispersion. This in turn led to even higher mechanical
and thermal properties of the SP-treated grass
composites. SP plastics were also reinforced by
CNWs. Wang et al. prepared SP—nanowhisker
composites by solution dispersion, freeze drying, and
hot pressing [69]. The composites showed increased
tensile strength and modulus and improved water
resistance and thermal stability. The authors ascribed
these properties to the crosslink network caused by
intermolecular hydrogen bonds between the cellulose
whiskers and the SPI matrix. Chen et al. prepared
SP—MMT nanocomposites by combined aqueous
dispersion and melt extrusion method [70]. MMT
was shown to be highly exfoliated in the SP matrix at
low MMT concentrations (<12 wt%). Above this
range, MMT was intercalated. The mechanical
strength and thermal stability of the SPI-MMT
composites were significantly improved due to the
fine dispersion of the MMT layers and the strong
restriction effects on the interfaces, which was
created by the surface electrostatic interaction
between the positive charge-rich domains of SP and
the negatively charged MMT layers as well as the
hydrogen bonding between the —NH and Si—O
groups. SP was also blended with another important
category of nano-reinforcement agents, CNTs, for
property improvement [71]. Multiwalled CNTs
(MWCNTs) of different sizes were compounded with
SP in solution, freeze dried, and pressed into sheets.
Various degrees of improvement on tensile strength,
modulus, elongation, and water resistance were
observed for the composites with different sizes and
concentrations of MWCNTs. Optimal nanotube size
and concentration were identified. Depending on the
size (internal and external diameters of MWCNTSs),
the authors hypothesized two SP—MWCNT
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microstructures: SP  molecules wrapping on
MWCNTs (small nanotubes) and SP molecules
penetrating the internal channels of MWCNTs (large
nanotubes).

6.2.4 Sugar Beet Pulp (SBP)
Plastics and Composites

SBP is the residual after sugar extraction from
sugar beets. Its main ingredients are polysaccharides
(75%) including pectin, cellulose, and hemicellulose.
Other ingredients include lignin, protein, residual
sugar, etc. The United States is the largest producer
of sugar beets in the world with an annual dry SBP
production of 1.5 million tons. SBP is traditionally
used as an animal feed. Extracting pectin and cellu-
lose fibers from SBP has been explored to increase
the value of SBP. Using SBP as a thermoplastic or
a component in polymer composites is relatively new.

Pectin is a group of water-soluble 1,4-linked a-D-
galacturonic acid residues with variable numbers of
methyl ester groups. It accounts for approximately
25% of the dry mass of SBP. In the presence of
sufficient water and/or other plasticizers, SBP can be
converted into a thermoplastic with pectin as the
matrix material by twin screw extrusion [72,73]. In
this process, the cellular structure of SBP is des-
tructed under the influences of shear stress, heat, and
plasticizers. Pectin is released and cellulose fibers
and other ingredients of SBP are redistributed in the
pectin matrix to virtually form a thermoplastic
composite. Liu ef al. showed that the content of
plasticizers had a strong effect on mechanical prop-
erties of the SBP plastics [73]. High content of water
and other plasticizers resulted in low tensile strength
and modulus but high elongation of the plastics.

SBP can also be used as a dry filler to be directly
blended with other thermoplastic polymers [74—76].
Embedding SBP in a hydrophobic polymer matrix
increases its moisture resistance. Modulus of the
polymer was increased after the addition of SBP,
whereas tensile strength and elongation were
decreased. Chen et al. studied the effects of pMDI as
a compatibilizer for PLA—SBP composites to
increase its tensile strength [74]. The strength of
PLA/SBP (70/30) was increased from 37 MPa
(without pMDI) to 61 MPa (with 2% pMDI). The
dispersion of SBP in the PLA matrix and the water
resistance of the composites were also improved due
to enhanced interfacial adhesion.
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Another method to use SBP in polymer compos-
ites is to convert SBP into thermoplastic SBP (TSBP)
first and then blend it with other polymers. This
method can improve SBP dispersion and surface
quality of the composites. Glycidyl methacrylate
(GMA), PLA, and PBAT have been used to blend
with TSBP [77—79]. The effects of TSBP on the
mechanical properties of the composites varied with
different polymer matrixes. Liu ef al. compared the
mechanical properties of PBAT—TSBP and
PBAT—SBP (i.e., SBP as dry filler) composites and
showed that the former had higher properties at equal
SBP contents [79]. This high performance was
attributed to good dispersion of TSBP and its fiber-
like structure that was formed during melt blending.
The authors further showed that after adding pMDI
as a compatibilizer for PBAT and TSBP, the tensile
strength, modulus, and elongation of the composites
were all significantly increased.

6.3 Biodegradable Polymers
Derived from Renewable
Resources

Unlike the aforementioned natural polymers,
which can be harvested directly from the nature,
some polymers are not available (or available in
meaningful quantity) from the nature but can be
produced with human intervention from naturally
occurring biosources. PLAs and PHAs are the two
most important polymers within this category. They
have received intensive research interests in the past
two decades and are finding more and more appli-
cations due to their unique combinations of
properties.

6.3.1 Polylactic Acid

PLA is a synthetic biodegradable polyester with its
monomer, lactic acid (LA), derived from natural
resource. Lactic acid is made by bacterial fermenta-
tion of carbohydrates such as corn, sugarcane,

Figure 6.3 Synthesis of PLA.

potatoes, and other biomass. High-molecular-weight
PLA can be synthesized using three different routes:
direct condensation polymerization, azeotropic
dehydrative condensation, and ring-opening poly-
merization of lactide. The last route was patented by
Cargill in 1992 [80] and is the most commonly used
method (Fig. 6.3). Direct condensation polymeriza-
tion is the least expensive method, but it can only
obtain low-molecular-weight PLA because it is
difficult to remove water completely from the reac-
tion mixture.

PLA is well known for its biocompatibility and
biodegradability. Moreover, PLA is a thermoplastic
polymer and can be conveniently processed using
existing polymer-processing equipment and tech-
niques. PLA can be processed into fiber, film, sheet,
and 3D articles by fiber drawing, film blowing,
extrusion, and injection molding. With the continual
drop of resin prices, PLA is gradually gaining the
market share. Its clarity makes it suitable for
biodegradable packaging, such as bottles, food
containers, and wrappers. It has also been used for
food service ware, lawn and food waste bags, coat-
ings for paper and cardboard, and fibers for clothing,
carpets, sheets and towels, and wall coverings. In
biomedical applications, it is used for sutures, stents,
prosthetic materials, dialysis media, and drug
delivery devices. PLA degrades primarily by
hydrolysis through a two-stage process. First,
random chain scission of the ester groups of PLA
reduces its molecular weight. The speed of chain
scission depends on the pH value, temperature, and
moisture levels of the environment [81]. Embrittle-
ment of the polymers occurs with the reduction of its
molecular weight. Second, low-molecular-weight
PLA is metabolized by microorganisms, yielding
carbon dioxide, water, and humus [82].

The properties of PLA can be quite different
because of the presence of the pendent methyl group
on the alpha carbon atom. L-, p-, and DL-lactide
isomers exist due to this structure. rL-Lactide is
produced by most microorganisms. DL-Lactide is the
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synthetic blend of p-lactide and L-lactide. The
homopolymer of L-lactide (PLLA) is a semi-
crystalline polymer with a typical melting point (7},)
of 160—180 °C and a glass transition temperature
(T) of 55—65 °C. It possesses high tensile strength/
modulus and low elongation, making it suitable for
load-bearing applications such as in orthopedic
fixation and sutures. Poly(pL-lactide) (PDLLA) is an
amorphous random copolymer of r-lactide and p-
lactide. It has lower tensile strength, higher elon-
gation, and a much more rapid degradation time,
making it more attractive as a drug delivery system.
PLLA is a slow-crystallizing material, and its crys-
tallinity significantly depends on processing condi-
tions such as cooling rate and annealing status. For
instance, PLLA products produced by injection
molding show minimum crystallinity due to the fast
cooling in the mold [83]. Annealing the products
above its T, considerably increases their crystal-
linity. Higher annealing temperature and time
resulted in more perfect, higher melting crystals
[84]. General purpose PLLA exhibits much higher
strength (~60 MPa) and modulus (~3 GPa) than
many other commodity fossil oil-based plastics. For
instance, HDPE has a typical strength and modulus
of 20 MPa and 1 GPa, while polypropylene (PP)
shows a typical strength and modulus of 30 MPa and
1.5 GPa. On the other hand, PLA is a brittle polymer,
exhibiting a typical tensile strain at break of less
than 6%. This brittleness significantly limits PLA’s
use in many applications. As a result, PLA tough-
ening has received intensive research interests and
a number of toughening strategies have since been
developed.

First, PLA can be toughened by copolymerizing
lactides with other monomers. For instance, the
copolymers of lactide/caprolactone were found to be
increasingly rubbery when the caproyl units in the
copolymers increased from 5% to 20% [85]. When
50% of trimethylene carbonate (TMC) was copoly-
merized with lactide, elongation of the copolymer
increased to 900%, whereas tensile strength
decreased 10-fold to 5 MPa [86]. Second, lowering
T, of PLA by adding miscible plasticizers is another
important method to toughen PLA. Lactide mono-
mer and oligomer are natural PLA plasticizers. At
~20 wt% of LA monomer or oligomer, the elonga-
tion at break of PLA was increased to over 200%
[87,88]. Other plasticizers such as poly(ethylene
glycol) (PEG) [89] and triethyl citrate [90] were
also used.
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Blending PLA with ductile polymers is probably
the most convenient and therefore the most studied
route for PLA toughening. To maintain biodegrad-
ability of the final blends, ductile biodegradable
polymers are often used to blend with PLA. Among
these polymers, PCL has received the most research
interest. PCL is a biodegradable polymer, which is
flexible at room temperature due to its low Tj.
Blending PLA with PCL resulted in significantly
improved ductility and toughness [91,92]. PLA was
also toughened by other biodegradable polymers
such as PBAT [83,93] and PBS [94].

The aforementioned three toughening routes, e.g.,
copolymerization, plasticization, and blending, can
significantly increase the elongation of PLA.
However, the strength and modulus of PLA are
substantially decreased at the same time. Polymers
toughened by rigid particles were shown to be able to
maintain or even increase their strength and modulus.
A recent study on MMT toughening of PLA showed
that PLA could be reinforced and toughened simul-
taneously when MMT concentration was low (<2.5
wt%) [95]. Furthermore, Chen er al. prepared
a PLA—PBS—MMT ternary blend by melt blending
[96]. When MMT was epoxy-functionalized, the
ternary blend showed similar modulus to the neat
PLA (1990 vs. 2215 MPa) and significantly increased
the elongation at break (118.1 vs. 6.9%).

In toughening PLA, it is easier to achieve elon-
gation or ductility improvement than impact
strength improvement. This is because under high
rate impact loading conditions materials tend to be
more brittle. Nevertheless, high impact strength is
desired in many important applications. Researchers
have been looking for ways to significantly increase
the impact strength of PLA. Recently, reactive
blending of PLA with selected polymers/chemicals
under certain conditions was discovered to be an
effective method to achieve this goal. Several super-
tough PLA blends were obtained using this method.
Oyama reported a super-tough PLA—ethylene-co-
glycidyl methacrylate (E-GMA) (80/20, w/w) blend
[97]. The injection molded samples exhibited only
a 2—3 fold increase in impact strength compared to
neat PLA. However, the impact strength was dras-
tically increased to 50 times of that of the neat PLA
after annealing the samples at 90 °C for 2.5 h. The
author postulated that the high impact strength was
due to the crystalline structure changes of the PLA
matrix. Elongation of the blends was reduced to
below 35% after the annealing.
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Liu et al. prepared a novel PLA ternary blend
consisting of an ethylene/n-butyl acrylate/glycidyl
methacrylate terpolymer rubber (EBA-GMA) and
a zinc-containing ionomer of ethylene/methacrylic
acid copolymer (EMAA-Zn) by twin screw extrusion
[98,99]. Simultaneous vulcanization (crosslinking)
of EBA-GMA and reactive compatibilization
between PLA and EBA-GMA occurred during the
extrusion. The blend showed a “salami”-like phase
structure (i.e., subdomains within large domains). As
a result, the impact strength of the blend was
increased up to 35 times of that of neat PLA and
the elongation of the blend was greater than 200%.
The authors also showed that blending temperature
and EBA-GMA—EMAA-Zn ratio of the blend
played critical roles in impact strength improvement.
High blending temperatures resulted in high extent
of rubber crosslink reaction and reactive compatibi-
lization between PLA and EBA-GMA. Large
EBA-GMA—EMAA-Zn ratio (i.e.,>1) caused an
“EMAA-Zn in EBA-GMA” salami structure. The
two aspects contributed to the creation of super-tough
PLA blends.

6.3.2 Polyhydroxyalkanoates

Unlike PLA whose production involves designed
chemical reactions, PHAs are biodegradable poly-
esters directly produced by bacterial metabolism.
PHAs are synthesized and accumulated by bacteria
as carbon and energy storage materials under the
condition of limiting nutrients in the presence of
excess carbon source [100,101]. More than 250
species of bacteria have been reported to produce
PHAs . The polymers are stored in the cells as discrete
granules with sizes between 0.2 and 0.5 pm. The
stored PHAs are degraded by depolymerases and
metabolized as carbon and energy source as soon as
the supply of the limiting nutrient is restored [100].
Depending on the species of bacteria and their
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Figure 6.4 General structure of PHAs.

growth conditions, molecular weight of PHAs is in
the range of 2 X 10° to 3 x 10° Da.

PHAs include a family of polyesters with different
side groups and different numbers of carbon atoms in
the repeating units (Fig. 6.4). The most studied PHAs
are poly(3-hydroxybutyrate) (PHB) and its copol-
ymer PHBV. The homopolymer PHB is a highly
crystalline thermoplastic with a Ty, around 175 °C. It
possesses several physical properties, e.g., Ty, T
(15 °C), crystallinity (80%), and tensile strength
(40 MPa), similar to those of PP. However, PHB is
significantly more brittle than PP (strain at break 6 vs.
400%). With the introduction of 3-hydroxyvalerate
(3HV) units to PHB, the regular structure of PHB is
disrupted and therefore its crystallinity, crystalliza-
tion rate, Ty, and Ty, decrease as the content of HV
increases [102]. As a result, PHBV becomes tougher
and more flexible at higher HV percentages. Table
6.1 compares several physical properties of PHB and
PHBYV with different mole ratios of HV.

PHASs can be consumed by microorganisms as an
energy source. Therefore, they are readily biode-
gradable in microbially active environments such as

Table 6.1 Thermal and Mechanical Properties of PHB and PHBV [103]

Polymer Ty (°C) | T (°C) | Modulus (GPa) | Strength (MPa) | Strain at Break (%)
PHB 9 175 3.8 45 4
PHBV (11% HV) 2 157 3.7 38 5
PHBYV (20% HV) -5 114 1.9 26 27
PHBYV (28% HV) -8 102 1.5 21 700
PHBV (34% HV) -9 97 1.2 18 970
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compost [104]. The enzymes secreted by the micro-
organisms break down PHAs into monomers. The
monomers are then used up by the cell as a carbon
source for biomass growth. Many factors, e.g.,
surface area, microbial activity, pH, temperature, and
moisture, affect the degradation rate of PHAs. The
end products of PHA degradation in aerobic envi-
ronments are carbon dioxide and water, while
methane is also produced in anaerobic conditions.
The degradation rate of PHAs varies with environ-
mental conditions. For instance, PHBV completely
degrades after 6, 75, and 350 weeks in anaerobic
sewage, soil, and sea water, respectively [102].
However, PHAs do not degrade under normal
conditions of storage [105].

With their inherent biocompatibility and biode-
gradability, PHAs have found important applications
in medical and pharmaceutical areas, including
wound management (e.g., sutures, skin substitutes,
nerve cuffs, and staples), vascular system materials
(e.g., heart valves, cardiovascular fabrics, and
vascular grafts), orthopedics (e.g., scaffolds, spinal
cages, bone graft substitutes, and internal fixation
devices), and drug delivery systems [106]. PHAs are
also finding more and more applications in pack-
aging, single-use and disposable items, housewares,
appliances, electrical and electronics, consumer
durables, agriculture and soil stabilization, adhesives,
paints and coatings, and automotive parts. In the
United States, PHAs are commercially produced by
Metabolix through the fermentation of enzyme-
thinned starch, plant sugars, and oils using microbial
biofactories. A series of PHAs, including homopol-
ymers, copolymers, and terpolymers, are produced
under the brand name of Mirel . This wide range of
PHA structures has allowed a broad property enve-
lope of PHAs, from rigid thermoplastics to thermo-
plastic elastomers and adhesives.

PHAs have been blended with many biodegrad-
able and non-biodegradable polymers to improve
their properties and lower material costs. Miscibility,
crystallization behavior, and biodegradability of the
blends are the main topics of the published articles on
PHA blending. PHB was found to be miscible with
poly(ethylene oxide) (PEO), poly(vinyl acetate)
(PVAc), poly(p-vinyl phenol), poly(vinylidene
fluoride), and poly(methyl methacrylate) (PMMA)
to various degrees under different component ratios
and temperatures. PHB is not miscible or only
partially miscible with poly(vinyl acetate-co-
vinyl alcohol), PCL, PLA, poly(oxymethylene),
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ethylene—propylene rubber, EVA copolymer, and
epichloridrin elastomers. The reports on mechanical
properties of the blends are limited. Parulekar and
Mohanty toughened PHB using epoxidized natural
rubber with maleated polybutadiene as the compati-
bilizer [107]. The toughness of PHB was increased
by 440%. PHB was also toughened by poly(cis-1,4-
isoprene) (PIP) and PIP-g-PVAc, respectively [108].
It was found that the tensile properties and impact
strength of the PHB—PIP-g-PVAc blends were
superior to the PHB—PIP blends due to the former’s
higher compatibility. Li et al. prepared PHB—PEO
blends by solvent casting [109]. They found that
when the molecular weight of PEO was low (0.3 x
106), the blends exhibited very poor properties. When
the PEO with a molecular weight of 5 x 10° was
used, synergism occurred and the tensile strength,
modulus, and elongation of the blends all increased
to be significantly higher than those of the component
materials.

Properties of PHAs were also modified by natural
fibers. It has been shown that the addition of natural
fibers increased modulus, Ty, and heat distortion
temperature (HDT) of PHB (or PHBV) composites
[110,111]. Nevertheless, the improvements in tensile
strength and toughness were found to be difficult and
dependent on many factors such as fiber length and
aspect ratio, interfacial bonding, fiber sources, fiber
treatments, and fiber forms (single fiber/fabrics). The
studies on the composites of PHB/PHBV with flax
[110], recycled cellulose fiber [111], wood fiber
[112], and pineapple fiber [113] have shown that the
tensile strength and toughness were not improved or
were even decreased by the addition of short or flour-
type natural fibers. Very recently, Jiang et al. reported
a PHBV—BPF composite with substantially
increased tensile strength, modulus, and toughness
[34]. They also found that by using PHBV-g-MA as
a compatibilizer, the strength and modulus were
further improved and the impact strength was
decreased, due to the increased interfacial bonding
between PHBV and BPE. CNWs have also been used
to reinforce PHBV [114]. PHBV—CNW composites
were prepared by solvent casting and melt com-
pounding, respectively. Homogeneous dispersion of
CNWs was achieved and the composites exhibited
improved tensile strength and modulus and increased
Ty in the solvent-prepared composites. By contrast,
the composites prepared through melt process
showed decreased strength and constant 7, due to
CNW agglomeration.
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PHAs have also been spun into fibers for use in
textile products. Commercially available Biopol®
PHBYV fibers were reported to have a tensile strength
of 183 MPa [115]. Iwata et al. spun ultra-high-
molecular-weight PHB fibers with a tensile strength
of 1.3 GPa by a combination of cold-drawing and
two-step-drawing methods [116]. Using commercial
PHBYV, Tanaka et al. produced high strength fibers
(1.1 GPa) using room temperature drawing after
isothermal crystallization at T, of PHBV [117]. This
strength is comparable to that of common polymer
fibers such as polyethylene (PE) and poly(ethylene
terephthalate) (PET).

6.4 Biodegradable Polymers
Derived from Petroleum

Biodegradable polymers can be derived not only
from renewable bioresources but also from petro-
leum. Some synthetic aliphatic polyesters have been
known to be biodegradable for decades. Petroleum-
based biodegradable polyesters are synthesized by
polycondensation reaction between aliphatic diacids
and aliphatic diols or by ring-opening polymerization
of lactones. Aliphatic acids and terephthalic acids
can also be used together to react with aliphatic diols
to produce biodegradable aliphatic—aromatic co-
polyesters. Typical synthetic aliphatic polyesters
include PCL, PBS, and their copolymers. The most
widely used aliphatic—aromatic copolyester is PBAT
produced by BASF (Ecoflex®), DuPont (Biomax®),
and Eastman Chemical (Eastar Bio®).

6.4.1 Polycaprolactone

PCL is a semicrystalline aliphatic polyester
synthesized by ring-opening polymerization of cap-
rolactone (Fig. 6.5). It is completely degradable
through enzyme activities [118].

Depending on its molecular weight (My,), PCL can
be a waxy solid (M, below several thousands) or
a solid polymer (M, above 20,000). The waxy PCL is
usually used as additive or co-component. High
molecular weight PCL polymer has mechanical
properties similar to PE, possessing a tensile stress of
12—30 MPa and a break extension of 400—900%.
Table 6.2 provides several properties of PCL with
different molecular weights [119]. It is obvious that
all the properties are strongly molecular weight
dependent.

Figure 6.5 Synthesis and structure of PCL.

PCL shows high-molecular-chain flexibility and
outstanding processability. It can be spun into fibers
or blown films under 200 °C without thermal
degradation. The drawback of PCL is its low melting
point (~60 °C) and low glass transition temperature
(~—60 °C), which prohibits its application at elevated
temperatures [120]. Therefore, PCL is often blended
with other polymers, such as PP, polycarbonate (PC),
polyethylene oxide (PEO), and starch, to produce
composites with desired properties [121,122]. Major
PCL producers include Dow Chemical in the United
States, Solvay in Europe, and Daicel Chemical
Industries in Japan. Commercialized with the trade
name “TONE” and “CAPA,” PCL is extensively used
in food packaging and tissue engineering. For
instance, microcellular PCL foams are used for tissue
regeneration and cell transplantation.

6.4.2 Poly(butylene succinate)

PBS is one of the most important biodegradable
polyesters synthesized by polycondensation between
succinic acid and butanediol. The reaction proceeds
in two steps. First, esterification occurs between the
diacid and the diol, and then polycondensation takes
place under high temperature to form high-molec-
ular-weight PBS (Fig. 6.6).

Showa Highpolymer (Japan) synthesized various
aliphatic copolyesters (PBS and PBSA) based on
succinate, adipate, ethylene glycol, and 1,4-

Table 6.2 Properties of PCL with Different
Molecular Weight

Properties PCL1 | PCL2 | PCL3
37,000 | 50,000 | 80,000
58—60 | 58—60 | 60—62

Molecular weight
Melting point (°C)

Tensile stress 140 360 580
(kg/cm?)
Elongation at 660 800 900

break (%)
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Figure 6.6 Synthesis and structure of PBS.
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Table 6.3 Comparison of the Properties of Bionolle and LDPE, HDPE, and PP

Properties Bionolle (#1001) | Bionolle (#3001) | LDPE | HDPE | PP

Glass transition (°C) -32 —45 —120 | —120 5
Melting point (°C) 114 94 110 129 163
HDT (°C) 97 69 88 110 145
Tensile strength (MPa) 57 47 35 39 44
Yield strength (MPa) 32 19 12 27 31
Flexural modulus (MPa) 656 323 176 | 1070 | 1370
Strain at break (%) 700 900 400 650 800
MFR at 190 °C (g/10 min) 1.5 1.4 2 2 4

Source: Data adapted from http://www.shp.co.jp/en/bionolle_data1.htm [125]

butanediol, which were synthesized and commer-
cialized under the trade name “Bionolle” [123].
These polyesters exhibit melting temperature
>100 °C and thermal degradable temperature
>300 °C and other properties similar to LDPE,
HDPE, and PP (Table 6.3) [124]. They can be pro-
cessed by injection molding, extrusion, and film
blowing using conventional equipment. Therefore,
they are considered to be potential alternatives to
petrochemical polyolefins.

6.4.3 Poly(butylene adipate-
co-terephthalate)

PBAT is an aliphatic—aromatic copolyester, which
shows higher chain stiffness than entirely aliphatic
polyesters such as PCL and PBS due to the inclusion
of terephthalic groups in the molecules. The chem-
ical structure of PBAT is shown in Fig. 6.7.

PBAT can be synthesized by conventional bulk
polycondensation techniques. It degrades completely
in soil, in aqueous environment, and under com-
posting and anaerobic conditions within varying time
periods, depending on the average chain length of the
aromatic blocks [126—129]. Table 6.4 lists the
properties of three commercial biodegradable ali-
phatic—aromatic polyesters. Currently, these mate-
rials are mainly used in packaging and agricultural
applications.

6.5 Biobased Polymers Derived
from Plant Oil

Plant oils, including soybean oil, vegetable oil,
corn oil, etc., are important raw materials for bio-
based polymers due to their triglyceride structure and
fatty acid chains. Triglyceride contains reactive
groups, such as carbon—carbon double bond, and

Figure 6.7 Chemical structure 0 0 0 0
of PBAT. *%O—ECHQ}:O—SOgHo—ECHE}:o—g—{-CHﬁ:g%*
m
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Table 6.4 Properties of Three Biodegradable Aliphatic—Aromatic Polyesters

Trade name

Ecoflex

Eastar

Biomax

Producer

BASF, Germany

Eastman, USA

DuPont, USA

Raw materials

1,4-Butanediol, adipic acid,
terephthalic acid

1,4-Butanediol, adipic acid,
terephthalic acid

PET with aliphatic
dicarboxylic acid

Density (g/cm®) 1.25—-1.27 1.22 1.35
Melting point (°C) 110—-115 108 200
Tensile strength (MPa) | 32—36 20—22 15-50
Strain at break (%) 580—800 700—730 40—-500
Modulus (MPa) — 106—107 60—2100

Source: Data adapted from R.J. Miiller, Handbook of Biodegradable Polymers, Rapra Technology Limited, Shawburry, UK, 2005, Chapter

10, p. 303 [130]

Figure 6.8 Typical structure of plant oil.

allylic and ester groups, which make it possible to
introduce polymerizable groups into triglyceride
molecules using common synthetic techniques
(Fig. 6.8). Before they can be used as monomers for
high-molecular-weight polymeric materials, all plant
oils need to be functionalized by modifying these
active sites.

6.5.1 Functionalization of the
Carbon—Carbon Double Bond
in Triglycerides

The double bonds in triglycerides cannot be used
for polycondensation reaction to produce high-
molecular-weight polymers without proper modifi-
cation. Four types of modified triglycerides are
shown in Fig. 6.9 [131—134]. For compounds 1, 2,
and 3, free radical polymerization can proceed
through the introduced double bonds. For compound
4, the introduced epoxy group can go through ring-
opening or condensation polymerization. Wool et al.
have conducted intensive research on synthesis of
biobased polymers using modified plant oils
[134—138]. From compound 1, they synthesized
a thermosetting resin by free radical polymerization
or copolymerization with reactive diluents such as
styrene [135]. The resulting resin exhibited

mechanical properties similar to that of commercial
polyester and vinyl ester resins. The epoxidized plant
oil has been extensively used in surface coating, in
ink, and as the major composition of several
resins [132].

6.5.2 Modification of the
Ester Group

Another important modification to plant oils is to
convert triglyceride to monoglyceride or diglyceride
through glycerolysis reaction. The conversion reac-
tion can be carried out by heating the triglycerides
and glycerol at 220—230 °C with Ca(OH), as
a catalyst, and the resulting mixture product (con-
taining diglyceride and monoglyceride) was reacted
with methacrylic anhydride [138] or MA [139] to
obtain other triglyceride-based monomers. By this
method, several plant oil-based unsaturated poly-
esters with the melting points in the range of
60—70 °C have been synthesized by Wool’s group.
On the other hand, using the monoglycerides and
diglycerides derived from plant oils, some biobased
PUs with excellent chemical and physical properties
including increased thermal stability have been
synthesized [140,141]. In addition, waterborne PUs
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Figure 6.9 Several typical compounds derived from triglyceride [131—134].

and PU/acrylic hybrid latex have been made from
soybean oil-based polyols [142].

6.6 Rosin-Based Epoxy Curing
Agents

Epoxy can exhibit a wide spectrum of properties by
having different combinations of epoxy resins and
curing agents. The high mechanical and physical
properties of properly cured epoxies are mainly
attributed to high content of rigid aromatic or cyclo-
aliphatic moieties in the epoxy or curing agent
molecules or both. The majority of the epoxy resins
on the market are based on the glycidyl ethers of
bisphenol A. Tertiary amines, polyamines, and acid
anhydrides are the three main types of epoxy curing
agents. Cyclic acid anhydrides (aromatic or cyclic
aliphatic), which impart high mechanical and

physical properties to the cured resins, are the
preferred curing agents because they show low
toxicity and low curing exotherms and shrinkages.
Important cyclic anhydride curing agents include 1,2-
benzenedicarboxylic anhydride (also called phthalic
anhydride, PA), 1,2-cyclohexanedicarboxylic anhy-
dride (CHDA), and 1,2,4-benzenetricarboxylic
anhydride (BTCA or trimellitic anhydride).
These chemicals are all petroleum based and are
generally synthesized through complicated chemical
processes.

Rosin acids have a characteristic hydrogenated
phenanthrene structure that exhibits rigidity similar
to that of those petroleum-based cyclic compounds
mentioned above. The carboxyl groups and carbon-
—carbon double bonds in the molecules of rosin acids
are reactive. Through their reactions, rosin deriva-
tives suitable for replacing petroleum-based cyclic
monomers can be synthesized.
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Wang et al. synthesized abietyl glycidyl ether and
methyl maleopimarate using one of the rosin acids
[143]. The two compounds were used as model
compounds representing rosin-based epoxies and
rosin-based anhydride curing agents, respectively.
Nonisothermal curing studies by differential scan-
ning calorimetry (DSC) have suggested that both the
curing reaction of epoxide with the rosin anhydride
and the curing reaction of rosin epoxide with aniline
were autocatalytic, and the cure reactions were
similar to the respective conventional epoxy resin
systems.

Liu et al. synthesized two rosin-based epoxy
curing agents: maleopimaric acid and methyl mal-
eopimarate acid [144]. They performed comparison
studies on the curing reactions and the properties of
cured epoxies between the two rosin-based curing
agents and two commercial curing agents with similar
functionalities and structures. The results showed that
the curing behaviors of the rosin-based curing agents
were similar to those of the commercial curing agents.
The epoxies cured by the rosin-based curing agents
also demonstrated thermal/mechanical properties and
thermal stability similar to the epoxies cured by the
commercial curing agents. However, the rosin-based
curing agents are advantageous because they can be
prepared by much simpler and more environmentally
friendly synthesis routes.

Liu et al. also synthesized rosin-based imide-
diacids as epoxy curing agents [145]. A similar
imide-diacid based on trimellitic anhydride was also
synthesized for comparison. The two types of imide-
diacids were used to cure a commercial epoxy resin.
The epoxies cured with rosin-based imide-diacids
were shown to have significantly higher glass tran-
sition temperature, tensile, and dynamic mechanical
properties.

The rigid cyclic structures in epoxy resins and
curing agents impart high glass transition tempera-
ture, high strength, and modulus, but low toughness to
the cured epoxies. Flexibility and toughness of the
cured epoxies can be significantly improved by
incorporating a soft chain segment into either the
epoxy or curing agent molecules. Wang ef al. incor-
porated a low-molecular-weight PCL diol (capro-
lactone oligomer) segment between two rosin-derived
anhydride moieties to produce a maleopimarate-
terminated oligocaprolactone and used it to cure
commercial epoxy resins [146]. The test results of the
cured epoxies showed that both the epoxide—
anhydride equivalent ratio and the molecular length

of the rosin anhydride-terminated oligocaprolactone
could influence the crosslink density of the epoxies
and therefore their mechanical and thermal proper-
ties. These results suggest that varying the length of
the oligocaprolactone segment and the epoxy-curing
agent ratio can result in a broad spectrum of
mechanical and thermal properties of the cured
epoxies.

6.7 Concluding Remarks

Biodegradable polymers can be either natural or
synthetic polymers and they can be derived from either
renewable or nonrenewable resources. Non-biode-
gradable polymers can also be derived from renewable
feedstock, e.g., Dupont’s Sorona®, which is poly(tri-
methylene terephthalate), using the corn-derived 1,3-
propanediol as the diol monomer. Developing biode-
gradable polymers from renewable resources appears
to be the best scenario in the development of “green”
materials and processing techniques. However, this
can only be certain after carrying out a life-cycle
environmental impact analysis (mainly on energy
consumption and CO; balance) on individual prod-
ucts. For example, to produce PLA using corn starch,
the application of fertilizers, herbicides, and pesticides
during the growth of corn may leave a deep environ-
mental footprint. The chemical or biochemical
processes such as extraction and purification of lactic
acid require water, energy, and chemical or biological
additives. The whole production process also produces
various wastes, which require energy and material-
consuming treatment and disposal. Furthermore, CO,
is released back to the environment during the degra-
dation of PLA. Therefore, biodegradable polymers
derived from renewable resources may not be as
“green” as they appear to be at first sight. However, if
a significant part of the energy required to produce and
process biodegradable polymers is from nonpetro-
leum sources, e.g., solar power, wind energy, water/
tide power, etc., biodegradable polymers based on
renewable resources could still possess a substantially
better CO; balance than petroleum-based polymers.
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7.1 Introduction

Starch is the major carbohydrate reserve in
higher plants. In contrast with cellulose that is
present in dietary fibers, starch is digested by
humans and represents one of the main sources of
energy to sustain life. Bread, potato, rice, and pasta
are examples of the importance of starch in our
society. Starch has also been extremely important
for centuries in numerous nonfood applications,
e.g., as glue for paper and wood [1] and as gum for
the textile industry [2,3]. Together with wood,
natural fibers, and leather, starch has been one of the
choice materials since the inception of human
technology.

Polysaccharides represent by far the most abun-
dant biopolymers on earth, with cellulose, chitin, and
starch dominating. Starch is certainly one of the most
versatile materials for potential use in polymer
technology. It can be converted, on the one hand, into
chemicals like ethanol, acetone, and organic acids,

used in the production of synthetic polymers and, on
the other hand, it can produce biopolymer through
fermentative processes or be hydrolyzed and
employed as a monomer or oligomer. Finally, it can
be grafted with a variety of reagents to produce new
polymeric materials, used as such or as fillers for
other polymers.

The conversion into small molecules is chemically
easier for starch than for cellulose, making it an
economic option to produce hydroxyl-containing
compounds, which can be exploited as monomers or
as raw material in the production of other biopoly-
mers like polylactic acid (PLA). This approach is in
competition with other renewable resources, namely
saccharose from sugar cane, used for the production
of ethanol and biopolymers such as poly-f-hydrox-
ybutyrate (PHB) [4,5], and lactic acid [6] as a source
of its polymer [7]. Despite the importance of starch as
a raw material for the production of chemicals and
other polymers, its direct use as a renewable resource
commodity is undoubtedly more economical and has

Ebnesajjad: Handbook of Biopolymers and Biodegradable Plastics. http://dx.doi.org/10.1016/B978-1-4557-2834-3.00007-0
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been a major area of research in material science over
the last few decades.

The chemical modification of starch can provide
tailor-made materials and has been reviewed
recently [8].

The literature concerning starch is extremely vast
and its chemistry and technology have been
comprehensively reviewed [2,3,8,9]. More specifi-
cally, a renewed interest has arisen in the last decade,
to convert starch into a plastic material capable of
replacing petroleum-based counterparts. The main
aim of this chapter is to review the applications of
starch in the development of new polymeric materials
in which its main macromolecular structure is
preserved. The preparation of monomers and oligo-
mers will also be briefly discussed.

7.2 Main Sources of Starch

Several plants are commercially used for the
production of starch. The choice of plant depends
mainly on geographic and climatic factors and on the
desired functional properties of the corresponding
starch [10]. It is always possible to find a highly
productive plant to produce starch whatever the
climate and agricultural conditions: maize in
tempered and subtropical zones, cassava (manioc or
tapioca) and banana in tropical environments, rice in
inundated areas, and potatoes in cold climates. The
main plant sources are listed in Table 7.1, together
with their production for 2005 [12].

Apart from the traditional crops, cassava shows
great potential because it adapts to tropical zones and
constitutes, therefore, an important crop in devel-
oping areas of the world. New sources of starch are
also arising, such as banana [13], which yields
a starch of excellent quality.

The development of new uses for starch, and for
materials based on starch, within the broader context
of the increasing demand for materials based on
renewable resources, will certainly increase the
demand for starch production and hence the devel-
opment of new commercial sources of starch.

7.3 Structure of Starch Granules

Starch can be found in various parts of a plant,
such as the endosperm, the root, the leaf, and the fruit
pulp. It is deposited in the form of semicrystalline
granules that are insoluble in cold water and

Table 7.1 World Production of the Main Starch
Crops in 2005 (1 x 1000 Metric Tons)

World Production in 2005

Crops (1 x 1000 Metric Tons)
Maize 711 762.87

Rice (paddy) | 621 588.53

Wheat 630 556.61

Potatoes 324 491.14

Cassava 213 024.81

Bananas 74 236.88

Yams 48 891.21

Sorghum 59 722.09

Source: FAO, 2005 [12].

resemble spherulites [14] alternating amorphous and
crystalline (or semicrystalline) lamellae. Native
starch is composed of two main macromolecular
components, namely amylose and amylopectin
[15—22]. The monomer units of these natural poly-
mers are a-D-glucopyranosyl moieties linked by
(1—4) and (1—6) bonds [23]. Amylose is
a predominantly a-(1—4)-p-glucopyranosyl linear
macromolecule. Amylopectin is a highly branched
and high molecular weight macromolecule
composed mostly of «a-(1—4)-p-glucopyranose
units, with «a-(1—6)-linkages at intervals of
approximately 20 units (Fig. 7.1) [16,24].

7.3.1 Granule Structure

The starch granule morphology, as well as the
structure of its main macromolecular constituents,
has been the focus of intense research, which is still
ongoing because of the complexity of the problems
involved. The granules have been examined using
several techniques, like light and electron micros-
copy, X-ray and neutron scattering, and more
recently, atomic force microscopy [25—29]. Starch
granules from different plant species are significantly
different and can be, in the majority of cases, iden-
tified by light microscopy inspection. The most
obvious differences in starch granules are in their
shape and size which can vary considerably
[1,30,31], as reported in Table 7.2 for some common
granules.

The morphology of the starch granule varies not
only according to the source plant, but also to the
different parts of the same plant [17]. Other impor-
tant factors influencing these aspects are the degree
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Figure 7.1 Amylose (a) and amylopectin (b) structures.

of polymerization (DP) of amylose and amylopectin
and the possible presence of other components in the
granule such as lipids, proteins, and inorganic
compounds [19].

The semicrystalline nature of starch is well-known
and its most important feature is the alternation of
long-range molecular order and amorphous regions,
defining the corresponding alternation of crystalline
and amorphous lamellae [15,17,21,32].

An idealized structure for the starch granule was
proposed recently by Gallant et al. [22]. This model
describes the crystalline and amorphous amylopectin
lamellae into effectively spherical blocklets, whose
diameter ranges from 20 to 500 nm. These authors also
propose the existence of short radial channels of
amorphous material. The granule grows alternating
radial amorphous and semicrystalline rings from the
hilum, forming a lamellar structure. The amylopectin,
which comprises around 75% of the granule, is mainly
responsible for the granule crystallinity. The crystalline
and semicrystalline lamellae are composed of amylo-
pectin blocklets, forming a crystalline hard shell
composed of large blocklets and a semicrystalline soft
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shell composed of small blocklets. The crystalline
lamellae are around 9—10 nm thick on an average and
consist of ordered double-helical amylopectin side
chain clusters, interfacing with the more amorphous
lamellae of amylopectin branching regions. The size of
the semicrystalline soft-shell blocklets ranges from 20
to 50 nm. Figure 7.2 depicts this structure as proposed
by Gallant et al.

7.3.2 Molecular Structure
and Crystallinity

The main technique used to study starch crystal-
linity is X-ray diffraction, from which starch can be
classified to A, B, and C crystallites or polymorph
forms [18,33—35]. Starches with these poly-
morphisms are called A-, B-, and C-type, each type
presenting its characteristic diffraction patterns. The
most commonly observed structures in native starch
are A and B, the former being associated mainly with
cereal starches, while the latter dominates generally
in tuber starches but also occurs in maize starches
with more than 30—40% amylase [18]. The C pattern

Table 7.2 Size, Shape, and Amylose Content of some Starch Granules [2,13,18,30,31]

Source Diameter (mm) | Amylose Content (wt%) | Shape

Maize 5-25 28 Polyhedric

Waxy maize 5-25 ~0 Polyhedric

High-amylose maize | 5—-35 55—85 Varied smooth spherical to
elongated

Cassava 5-35 16 Semi—spherical

Potato 15—100 20 Ellipsoidal

Wheat 20—22 30 Lenticular, polyhedric

Rice (normal) 5/3—8 20—-30 Polyhedric

Banana 26—35 9—13 Elongated oval with ridges
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Figure 7.2 Starch granule structure. Reproduced with permission from Reference [22].

is a form intermediate between A and B and is
usually associated with pea and various bean starches
together with other root starches [35,36]. A-type
crystallites are denser and less hydrated [34] than B-
type counterparts, whereas the C-types arise from the
joint presence of the other two homologues
[11,18,20,35—40]. Figure 7.3 shows the X-ray
diffraction patterns of maize (A-type), potato (B-
type), and cassava (C-type) starches.

Although amylose is predominantly made up of
linear macromolecules, it has been suggested that
amyloses from some starch varieties may contain
very long branches [16]. Amylose molecular weights
[41] range from 1.5 X 10° to 2.6 x 106, with some
variability as a function of the plant variety in the
case of cassava [42]. Linear amylose molecules form
double helices and can crystallize in a similar way as
in starch granule, rendering the A and B structures
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Figure 7.3 X-ray diffraction patterns of maize (A-
type), potato (B-type), and cassava (C-type) starches.

[16]. Single crystals of low DP amylose in the
polymorphisms A and B were also prepared and
characterized [43].

Amylose also form complexes with other mate-
rials called V-structures (Verkleisterung) [2], which
can be isolated in single crystals [43]. The amylose
V-complexes are commonly formed by a left-handed
amylose helix with six residues per turn enclosing the
aliphatic tail of a lipid in its center [19,44,45], each
revolution around the lipid taking 8 A [46,47).
Depending on the condition of the V-complex
formation, they can be crystalline or amorphous [48].
V-complexes are insoluble in water, even in drastic
pressure and temperature conditions, a fact that
makes them very important in polymer blending
when water resistance is a desired property [49,50].

Amylopectin is a highly branched molecule,
which is responsible for the main crystalline char-
acter of the starch granule. Its structure was modeled
as a hyperbranched molecule [18,51,52], as proposed
initially by Nikuni [53] and French [17] and later
improved by Robin [11] (Fig. 7.4). In this model,
short chains with 15 p-glucopyranosyl units branch
out at almost regular intervals of 25 units to form
either external A-chains or internal chains of
amylopectin [11]. Starch crystallites are thus formed
in compact areas made up of A-chains with DP 15.
Less compact areas mainly occupied by B-chains,
where the (1,6)-a-p-branching points are located, are
placed between these compact areas.

A parallel with synthetic polymers can be made in
which amylopectin is a clear-cut example of a natural
dendrimer [51] with a high degree of branching and
a spherical shape, each generation being fully

@ Reduction end group

,,,,,,,,,,,,,,,,,,,, N (AN
1 ﬂ B-chains

‘Cluster’

Figure 7.4 Amylopectin model, as proposed in
Reference [11]. 1 = compact area; 2 = less compact
area where the branch points are located, and @ =
reducing moieties. Reproduced with permission from
Reference [11].

generated from branching sites with a minimum
functionality of three.

7.4 Disruption of Starch Granules

When starch granules are heated in an excess of
water (90% w/w) or of another solvent able to form
hydrogen bonding (e.g., liquid ammonia, formamide,
formic acid, chloroacetic acids, and dimethyl sulf-
oxide) starch undergoes an irreversible order—disorder
transition known as gelatinization or destructuration.
This phenomenon occurs above a characteristic
temperature known as the gelatinization temperature.
During gelatinization, the amylose is dissolved and
progressively leached from the granules. The process
can be decomposed into two steps: hydration or
diffusion of the solvent through the granule takes place
during the first, followed by the melting of the starch
crystallites in the second. This process can be studied
by a calorimetric technique such as differential scan-
ning calorimetry (DSC) or differential thermal analysis
(DTA) [14,54,55]. The melting temperature depends
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on the starch—water ratio. According to Donovan [14],
with a large excess of water, only one endotherm
appears in the DSC curve, corresponding to the gela-
tinization temperature, whereas with a modest water
content, only one endotherm again appears but at a
higher temperature. With intermediate water concen-
tration, two endothermic transitions are observed. This
complex behavior has been treated quantitatively using
Flory’s relationship between the melting point of the
crystalline phases and the quantity of added water
[14,56,57].

There are several explanations for the multiple
peaks in the DSC or DTA curves. One of them is that
water is not homogenously distributed in the granule
and diffusion can play an important role in that
process [14]. This lack of homogeneity leads to
partial melting, followed by recrystallization and
remelting, implying that this is a nonreversible
process [56] and that the Flory—Huggins theory is
not fully applicable to starch gelatinization [14,56].

Besides DSC and DTA, many other techniques can
also be employed to study the order—disorder transi-
tion occurring during gelatinization, including X-ray
scattering, light scattering, optical microscopy (bire-
fringence using crossed polarizers), thermomechanical
analysis and nuclear magnetic resonance (NMR)
spectroscopy and, more recently, small-angle X-ray
scattering (SAXS), wide-angle X-ray scattering
(WAXS), and small-angle neutron scattering (SANS)
[55]. On the bases of evidence gathered using the latter
techniques, Jenkins and Donald [55] concluded that the
final loss of crystallinity only occurred when the
gelatinization was almost complete.

In an extrusion process, where shear forces and high
pressures are applied, the entire process is obviously
much more complicated. However, both with limited
amounts and excess quantities of water, the main step,
associated with the melting of crystallites, is the same
and the final mass is an amorphous entanglement of
amylose and amylopectin macromolecules.

7.5 Applications of Starch as
a Raw Material for Plastic
Production

7.5.1 Strategies for the Use of
Starch as a Source of Polymers

The exploitation of starch as a precursor to macro-
molecular materials can follow two strategies, namely

as a raw material for the production of chemicals used
in the synthesis of other polymers or used directly as
a high molecular weight polymer by keeping its
molecular structure as unchanged as possible.

The first strategy, based on the use of starch for the
production of other chemicals, was recently reviewed
by Robertson et al. [58], Koutinas et al. [59], Ken-
nedy et al. [60], and Otey and Doane [61]. Three
different approaches are applied in this context: (i)
starch as a raw material for the production of
monomers used in the synthesis of polymers, which
can be nonbiodegradable, such as polyethylene, or
biodegradable, such as PLA (the main biodegradable
commercial polymer whose monomer, lactic acid,
can be obtained from the fermentation of starch
[62]); (i) as a raw material for the production of
biopolymers like polyhydroxyalkanoates (of which
PHB is the main member); and (iii) as a raw material
for the production of glucose, dextrin, and other
hydroxyl-containing monomers used in the produc-
tion of mixed compositions based on starch and other
monomers.

In all the above processes, the macromolecular
structure of starch is destroyed and the polymers
derived from the ensuing monomers are totally
different from it. It is important to emphasize that the
same monomers (e.g., ethylene, sugars, and dextrin)
can be produced from other sources, both renewable,
such as cellulose and sugar cane, and nonrenewable
such as oil.

The second strategy calls upon the use of starch as
such or in combination with other materials and is
therefore more interesting than the first one, if
anything, in terms of cost and yield. Considering,
e.g., the conversion of starch into polyethylene
through its fermentation to ethyl alcohol and dehy-
dration of the latter, the maximum yield of ethylene
produced from starch is close to 35% [61].

In order to adjust the properties of these starch-
based materials to the desired application, it is
necessary to combine starch with other polymers, as
frequently done in the plastic industry. The need for
tunable properties may also require starch modifica-
tions, such as esterification or etherification, grafting,
and reactive or melting extrusion of thermoplastic
starch (TPS). The main forms of starch utilization as
a polymer are (i) starch grafted with vinyl monomers,
(ii) starch as a filler of other polymers, and (iii)
plasticized starch (PLS), commonly known as TPS.

Of the two major strategies outlined above, the
second constitutes the main subject of this chapter.
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7.5.2 Use of Starch in Plastic
Production

In the 1960s and 1970s, oxidized starch was used
successfully in rubber and other polymer formula-
tions [63,64] and several technologies were devel-
oped to optimize its combination with plasticized
polyvinyl chloride (PVC) [61,65,66].

In 1972, Griffin [66] described the use of starch as
particulate filler for low density polyethylene (LDPE)
with the aim of giving a paper-like texture and
appearance to extrusion-blown LDPE films. The
necessity for highly dried starch to avoid defects
caused by water volatilization was a financial limita-
tion to the process since it required appropriate storage
of the dried starch prior to its use. Another problem
was the poor adhesion of the hydrophilic starch
granules to the highly hydrophobic polyethylene,
which was improved by treating starch with reactive
silanes, but this added an extra cost to the process.

In the 1970s and 1980s, the pollution caused by
plastic packages considered ‘“indestructible” had
become a serious issue and discussions about
possible solutions started based on the search for
materials that can degrade in landfills, hence research
on biodegradable polymers became an important
topic.

LDPE—starch blends seemed an interesting
approach, but starch granules were encapsulated into
the LDPE matrix and thus became, in principle,
inaccessible to biodegradation. Later studies carried
out by Griffin demonstrated that even when encap-
sulated, starch could be degraded in an appropriate
environment [66]. A further development called upon
the use of a pro-oxidant (Fe3 + Mn3+) in the LDPE
matrix [67].

Otey et al. [61,68—71] also described the blends of
starch with synthetic polymers, in which gelatinized
starch was used instead of starch granules. The initial
films, composed of 90% of starch blended with
poly(ethylene-co-acrylic acid) (EAA), were obtained
by casting from aqueous dispersions or by dry
milling in a rubber mill, followed by a hot roll
treatment, but only the cast films attained acceptable
characteristics [71]. These materials were intended
for application as mulch films for agriculture.

The next generation consisted in compositions of
starch and poly(EAA) films, produced by extrusion-
blowing [70]. The starch concentration varied
between 10 and 40%, that of EAA between 10 and
90%, with some composition also containing

between 0 and 50% of PE. Sorbitol and glycerol were
also added as plasticizers to some of these mixtures.
In a further investigation, Otey et al. described
a similar composition to which urea, starch-based
polyols or glycerol, or mixtures of these materials
were added [72]. Urea was used to improve the
gelatinization of starch at lower levels of moisture
and the polyols were added to increase the levels of
biodegradable materials in the final mixture. A
typical composition comprised 40% of starch, 20%
of EAA, 15% of urea, and 25% of LDPE. These
materials were extrusion-blown into films for mulch
applications. The critical point for this application is
the balance between biodegradability and resistance
to it, since the film must neither disintegrate before
its estimated lifetime, nor must it offer excessive
resistance to biodegradation.

In the 1990s, compositions of starch processed
directly in melting equipment such as extruders were
described as a new material named destructurized
starch or TPS [57,73—75]. This material was
patented by the Warner-Lambert Company [76] and
was described as being prepared with starch that had
been heated to a high enough temperature and for
enough time for the melting to occur prior to starch
degradation. In this process, the starch processed in
extruders contained between 5 and 40% of water. It
was also claimed that when starch was heated in
a closed volume in appropriate moisture and
temperature conditions, it became substantially
compatible with hydrophobic thermoplastic synthetic
polymers.

Lay et al. [76] also described destructurized starch
compositions with one or two other polymers, which
included a whole variety of both natural and synthetic
macromolecules.

In another patented process, starch was destruc-
turized in the presence of low-molecular weight
polymers such as polyethylene—vinyl alcohol
(EVOH), EAA, poly-e-caprolactone (PCL), and
small amounts of moisture and of a high boiling point
plasticizer, using a high shear equipment like a twin-
screw extruder [77]. From these materials emerged
one of the most successful commercial thermoplastic
materials based on starch, which took the name of
Mater-Bi®.

It is also important to mention materials with high
starch content, or based exclusively on starch. The
main examples of this family of products are
expanded TPS compositions such as those patented
by the National Starch and Chemical Investment
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Holding Corporation [78] used in place of expanded
polystyrene. This was one of the first commercial
TPSs placed on the market and is still sold today in
growing quantities. Its success is due not only to the
replacement of a synthetic polymer by a biodegrad-
able one, but also to its good performance and
because its production cost is lower than that of
expanded polystyrene.

The grafting of starch with more than 60% of vinyl
or acrylic monomers gave materials, which showed
excellent mechanical and processing properties,
being virtually insoluble in water [61]. However, this
process was deemed too expensive and thus limited
the use of the ensuing grafted starch.

7.6 Thermoplastic Starch
7.6.1 Definition and Properties

The term TPS describes an amorphous or semi-
crystalline material composed of gelatinized or
destructurized starch containing one or a mixture of
plasticizers. TPS can be repeatedly softened and
hardened so that it can be molded or shaped by
the action of heat and shear forces, allowing its
processing to be conducted with the techniques
commonly used in the plastic industry. The follow-
ing sections are devoted to a brief description of
the basics of starch extrusion and processing
and to the more relevant applications of TPS
[50,57,73—75,79—81]. TPS or destructurized starch
are also known as PLS [82], because of the inevitable
presence of nonvolatile plasticizers in their compo-
sition. TPS is, however, the predominant term used
for these materials.

TPS is generally produced by processing a starch/
plasticizer(s) mixture in an extruder at temperatures
between 140 °C and 160 °C at high pressure and high
shear. Batch mixers operating in conditions similar to
those of extrusion can also be used.

If the final composition only contains water as the
plasticizer, in levels greater than 15—20%, it keeps its
thermoplastic properties. However, if the processing
temperature is higher than 100 °C, water volatilizes
and the melted material expands. If controlled, this is
a desired effect, exploited in the production of
expanded starch used in packaging as a shock
absorber. A common feature of these processing
techniques is the limited amount of plasticizer and
the consequent high viscosity of the melt, but TPS
can also be processed in the presence of large

amounts of water, as in the technology developed by
Otey et al. [71,72].

The destructuration temperature profile as
demonstrated by Donovan [14] in his classical paper
depends on the water content of the sample. Hence,
the process in the presence of limited amounts of
plasticizer appears to be different from that associ-
ated with an excess of it. In general, TPS is produced
in the former conditions and the shear forces play
a fundamental role in its processing [57].

7.6.2 Plasticizers for TPS

The type and quantity of plasticizer employed
determine the preparation/processing conditions and
the mechanical and thermal properties of the final
material, as discussed in several studies [83—93].
Various authors [83—85] extended existing theories
related to the glass transition and the effect of plas-
ticizers on it to the glass transition temperature of
TPSs. Thus, Kalichevsy and Blanshard [85] applied
Couchman and Karasz’s approach despite the diffi-
culties associated with a reliable determination of the
glass transition temperature of TPSs. Orford et al.
[83], on the other hand, estimated the T, of pure
amylose and amylopectin at 500 + 10 K, by
measuring the T, of a series of monodisperse oligo-
mers of increasing DP. This value is above the
thermal degradation temperature of these polymers.

Numerous laboratories have tackled the effect of
a series of nonvolatile plasticizers, such as glycerol
[84,87—90,93,94], wurea [84,87], fructose [85],
xylitol, sorbitol, maltitol [87,90,94], glycols (EG,
TEG, PG, PEG) [84,87,89,94], ethanolamine [92],
and formamide [91]. Several criteria concerning the
most appropriate structures for this key role have
been put forward [94], although a rough first prin-
ciple simply predicts that any substance capable of
forming hydrogen bonds would be able to plasticize
starch [95].

The partial or total replacement of water by
nonvolatile organic solvents (plasticizer) such as
glycerol and sugars leads to an increase in the
gelatinization temperature, as showed by Perry and
Donald [96], a feature that needs to be considered
when processing TPS. The reason for this effect is
not completely understood, but Perry and Donald
attributed it to two main causes, namely the higher
molecular weight plasticizers are less able to
penetrate the starch granule and less able to
increase the free volume of the amorphous regions,
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thus being less effective than water as plasticizers.
This effect has alternatively been attributed to
a reduction in the activity and the volume fraction
of water [97]. However, Perry and Donald [96]
showed that even glycerol alone can completely
gelatinize starch and induce an increase in the
gelatinization temperature of approximately 60 °C,
compared with the water-plasticized counterpart.
Tan et al. [95] recently studied this effect and
concluded that the parameters determining solvent
transport through the granule, such as viscosity,
diffusion, and ingress rate, play an important role in
determining the gelatinization temperature. Other
solvent properties were also considered relevant,
such as molecular size and number of possible
hydrogen bonds.

7.6.3 Crystallinity in TPS

The crystalline order observed in the native starch
granules is completely destroyed in TPS but, because
of the mobility of the starch chains, recrystallization
occurs, leading generally to the formation of B-, V-,
and E-type crystalline structures. B-type crystallinity
appears after TPS is stored above its glass transition
temperature or at high plasticizer contents [81]. V-
and E-types are observed just after extrusion and are
generated during processing [35,98,99]. V-type
structures can be observed in two forms, namely Va-
type (anhydrous) for materials containing low mois-
ture contents and Vh-type (hydrated) for materials
containing higher moisture contents. E-type occurs
only in low moisture compositions, is unstable, and
rearranges to V-type when the sample is conditioned
at ambient temperature with more than 30% relative
humidity [35].

As a consequence of their semicrystalline char-
acter, the mechanical properties of TPSs are char-
acteristic of partially crystalline polymers [81] with
B-type crystallinity being the major factor influ-
encing the mechanical behavior of glycerol—PLS
[100]. This recrystallization can also be a problem
because after long-term storage TPSs can become
rigid and brittle.

Despite the fact that TPS is considered a new
material in technological terms, its basic features and
processes are in fact the same as those relative to
extrusion-cooking starch used in the food industry
since the 1960s. This kind of processing is therefore
briefly described under the following heading, given
its importance in the development of TPS.

7.6.4 Extrusion-Cooking as the
Basis for TPS

Extrusion has been applied to pasta processing in
the food industry since the mid-1930s, but the low
temperatures used (40 °C) were insufficient to cook
the extruded material. In the 1960s, extrusions at
higher temperatures, sufficient to cook the materials,
started, and extrusion-cooking became a process of
great importance [35]. This process is conducted in
the presence of a limited quantity of water (10—25%)
at temperatures that can reach 200 °C but with very
short residence times, so that starch decomposition is
minimized. This treatment is known as high-
temperature short-time (HTST) [35,101,102]. The
molten starch shows higher viscosities than common
plastics during extrusion, and under isothermal
conditions, it can be described as a pseudoplastic
material [35]. The main structural modification
associated with extrusion-cooking is the destruction
of the starch granule morphology (destructurized
starch). However, the process is much more complex
and chemical reactions that lead to depolymerization
and/or other degradation also take place. The
expansion of the melted starch occurs at the extrusion
head because of the fast evaporation of the moisture
present in the melted starch. This expansion is also an
important factor in determining the properties of the
extruded material. The overall process was exten-
sively studied by Mercier and Feillet [101] who
investigated such variables as the temperature of
extrusion (170—200 °C), the moisture content of the
product before extrusion, and its amylose content.

Extrusion-cooking can be considered the
precursor of the modern technology of TPS, the main
principles and the changes occurring in starch being
the same [63,75]. Wiedmann and Strobel [80]
proposed that the compounding of TPS is a combi-
nation of  extrusion-cooking and  plastic
compounding.

7.6.5 Macromolecular Scission
and Starch Degradation During
Destructuring/Plasticization

The changes in molecular weight and its distri-
bution play an important role on the rheological and
mechanical properties of starch and have therefore
received considerable attention [103—106]. The main
factors affecting the molecular weight degradation
during TPS preparation and processing are the
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specific mechanical energy applied [103], the
temperature, and plasticizer content [101,104].

Gomez and Aguilera [73] studied the effects of
water concentration during the extrusion of maize
starch on the properties of the ensuing materials and
proposed a model for starch degradation during
extrusion. In this model, starch granules are con-
verted into gelatinized starch, then into free polymer
chains that, depending on the extrusion conditions,
can degrade into dextrinized starch and/or oligosac-
charides and sugars. One important conclusion of this
work was that, when extruding starch with a moisture
level below 20%, a product distinct from gelatinized
starch is obtained, since it has been partially dextri-
nized. Dextrins are dextrorotatory products of
partially hydrolyzed starch that can be precipitated
with alcohol from their aqueous solution [16].

Willett et al. [103] studied the melt rheology and
molecular weight degradation of waxy maize
(amylopectin) in a corotating twin-screw extruder by
processing the native starch and re-extruding the
destructurized material. The moisture content of the
first extrusion was 35% and the product was re-
extruded with 18 or 23% of moisture. Starch degra-
dation was evaluated by multiangle light scattering in
dimethyl sulfoxide/water. The weight-average
molecular weight decreased moderately with
increasing specific mechanical energy, which was
considered an important parameter for the prediction
of the molecular weight degradation during
extrusion.

Myllymaiki et al. studied the depolymerization of
barley starch during its extrusion in the presence of
a mixture of water and glycerol [107]. They observed
a correlation between the depolymerization of the
starch chains and both the water/glycerol concen-
tration and, to a minor extent, the screw speed.

Carvalho et al. [108] studied chain degradation in
TPS composites of maize starch plasticized with
glycerol and reinforced with wood pulp. The product
was characterized by high performance size-exclu-
sion chromatography (HPSEC). The matrix (starch/
glycerol) and the composites were prepared in an
intensive batch mixer at 150—160 °C, with glycerol
and fiber contents in the range of 30—50% and
5—15%, respectively. The HPSEC curves obtained
for different levels of plasticization without fiber are
shown in Fig. 7.5.

The results showed that an increase in the glycerol
content reduced the starch degradation, whereas an
increase in fiber content lead to its increase. The
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Figure 7.5 High performance size-exclusion chro-

matography (HPSEC) of native cornstarch, and

TPS with 20% (Gli-20), 30% (Gli-30), and 40% glyc-

erol (Gli-40). Reproduced with permission from Reference

[108].

changes in the chromatographic profiles were more
pronounced in the high molecular weight fraction,
corresponding to amylopectin. The polydispersity
index of the matrix was lower than that of native
starch due to the selective breakage by shear-induced
fragmentation of large amylopectin molecules. The
effects of both glycerol and fibers on the molecular
weight was of a similar magnitude, in the studied
range, for both weight-average molecular weight,
M,,, and z-weight-average molecular weight, M,, and
these results were expressed in terms of two
equations:

M,, = 222833 4 13 500G — 13 O00F (7.1)
M, = 267 500 + 19 250G — 16 250F (7.2)

where G and F are normalized glycerol and fiber
contents, respectively (30% of glycerol is equal to 21
and 50% of glycerol is equal to 11, and likewise for
fibers). Glycerol and fibers showed opposite effects, as
can be observed in Eqns (7.1) and (7.2). This behavior
is related to the shear-induced fragmentation, namely
a process in which the largest molecules are the most
susceptible. As this process is highly dependent on the
melt viscosity, higher viscosities induce correspond-
ingly higher extents of degradation.

Carvalho et al. [109] used ascorbic and citric acid
as catalysts for the controlled hydrolytic cleavage of
starch macromolecules carried out by melt process-
ing in the presence of glycerol and residual moisture.
The process proved effective in providing a means
for the controlled tuning of the molecular weight of
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starch in TPS compositions. Several studies have
been published since then where citric acid was used
for TPS modification intended to improve its
performance in polymer blending and in composites
and nanocomposites.

7.6.6 TPS Blends

Blending is an important operation for the modi-
fication of polymer properties at low cost and without
the need of special equipment and techniques. The
possibility of blending different polymers increases
considerably their range of applications and can also
be used to decrease their costs. From a technological
point of view, a compatible blend is achieved when
the desired properties are improved as a consequence
of mixing two or more polymers. In the majority of
cases, this mixture is not thermodynamically
compatible and thus constitutes a multiphase system
[82,110,111].

TPS is blended mainly for two purposes. The first,
and probably the most important, is to improve such
properties as its water resistance and mechanical
performances, whereas the second is to use it as
a modifier for other polymers with the purpose of
increasing the biodegradability and/or decreasing the
cost of the ensuing blends. In fact, starch is cheaper
than any other polymer, is readily available and
renewable, so that major efforts are employed to
maximize the starch content in a blend.

Blends of starch with polar polymers containing
hydroxyl groups, such as poly(vinyl alcohol),
copolymers of ethylene and partially hydrolyzed
vinyl acetate have been prepared since the 1970s, as
described by Otey et al. [61,68—72]. Since starch and
other natural polymers are hydrophilic, water has
been commonly used as a plasticizer for these
materials. The possibility of using water as plasti-
cizer makes it possible to add the polymer to be
blended as an aqueous emulsion, e.g., in the case of
natural rubber latex [112], poly(vinyl acetate), and
other synthetic polymer latices [71,113,114]. Blends
of starch and biodegradable polymers and polymers
from renewable resources have been reviewed
recently due to their growing importance
[82,110,111,115,116]. Table 7.3 gives some poly-
mers commonly used in blends with starch.

Starch blends can be divided into two main cate-
gories according to (1) the source and biodegradation
properties of the polymer to be blended with starch
and (2) the process used for its preparation. As for the

Table 7.3 Most Common Polymers Used in Blending

with Thermoplastic Starch

alcohol) EVOH

Polymer Reference
Poly(vinyl acetate) PVAc | [71,113]
Poly(methacrylic acid-co- | [114]
methyl methacrylate)

MAA/MMA

Poly(vinyl alcohol) PVA [119,141]
Poly(acrylic acid) PAA [125,127]
Poly(ethylene-co-acrylic | [61,71]
acid) EAA

Poly(ethylene-co-vinyl [49,50,121]

Poly(e-caprolactone)
PCL

[50,109,121,122,142]

Poly(ethylene—vinyl
acetate)

[123]

derivatives

Polyethylene [117,118,123,124,143]
Poly(ester—urethanes) [144]
Poly(p,L-lactic acid) PLA | [120,145,146]
Poly(3-hydroxybutyrate) | [115]

PHB

Poly(3-hydroxybutyrate- | [122,147]
co-3-hydroxyvalerate-)

PHBV

Poly(butylene succinate | [148]
adipate) PBSA

Polyesteramide PEA [142,149]
Zein [128,129]
Lignin [150,151]
Cellulose and its [121]

Natural rubber

[112,126,127]

first category, the sources can be obtained directly
from renewable resources (biodegradable biopoly-
mers), can be synthetic polymers from either oil or
renewable resources, and in this latter case, they can
be biodegradable or not depending on their structure.

As for the second category, two main processing
techniques are used for blending starch, namely
melting and solution/dispersion. In melting process-
ing, starch blends are obtained during the plastici-
zation of starch granules in an extruder or in a batch
mixer. Alternatively, two extruders are used, starch
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being gelatinized in a first single-screw extruder and
then fed into a twin-screw extruder that processes the
other component [117,118]. In solution or dispersion
processing, the product is often obtained by casting.
The first commercial materials produced by solution
or dispersion were cast films of starch/EAA blends
[61,71]. A large number of starch blends have been
obtained using this procedure, especially when other
natural polymers are involved. As in the case of
starch, many natural polymers and also biodegrad-
able synthetic polymers are soluble or dispersible in
water. Therefore, solution/dispersion blending is an
interesting option for the production of these mixed
materials. In some cases, e.g., when using chitosan,
melting is not possible because this polymer
decomposes before melting and solution blending is
the only viable alternative.

Blending is one of the most promising alternatives
to make starch useful as a polymer in replacement of
other plastics, and the fast progress occurring in this
field is attested by several reviews published recently

(@) 9 um 2 000X

(© 9 um 1 000X

[82,110,111,115]. Indeed, the commercial plastics
based on starch presently available are in the form of
blends with other polymers [50,116].

In TPS blends, starch can be the continuous or the
dispersed phase, depending on the starch/second-
polymer ratio and on the processing conditions. As
a consequence, the interfacial interactions between
starch and the other components will determine the
properties of the blend. Several approaches have been
investigated in order to enhance the compatibility
among the components of these blends:

1. The use of polymers bearing polar groups,
particularly those able to form hydrogen bonds
(e.g., PVA, EAA, EVOH, and natural polymers
like cellulose and its derivatives, gelatin and
zein [49,50,110,115]).

2. The use of mixtures of polymers where one of
them acts as a compatibilizer between starch
and less hydrophilic components (e.g., PVA
in TPS/polyethylene blends or a low molecular

(b) 9 um 1 000X

(d) 9 um 1 000X

Figure 7.6 Scanning electron micrographs of fragile fractures of starch/natural rubber blends. (a) 20% glycerol
and 5% rubber, (b) 30% glycerol and 20% rubber, (¢) 40% glycerol and 5% rubber, and (d) 40% glycerol and 20%
rubber. All quantities are in w/w based on dry matter. Reproduced with permission from Reference [112].



STARCH: MAJOR SOURCES, PROPERTIES AND APPLICATIONS AS THERMOPLASTIC MATERIALS 141

weight polymer like poly(ethylene glycol) in
TPS/PLA blends [50,110,115,119]).

3. The use of reactive compatibilizers, which can
promote a better interface by polymer—
polymer chemical interlinking (e.g., methyle-
nediphenyl diisocyanate (MDI), pyromellitic
anhydride, or glycidyl methacrylate [110,115,
120—124]).

4. The formation of complexes between starch
and other polymers (e.g., V-type complexes
[50,125]).

Arvanitoyannis et al. [126] studied blends of starch
with 1,4-transpolyisoprene (gutta percha) compati-
bilized with EAA by melt processing and observed
that they were biodegradable because of the presence
of starch. Their mechanical properties were improved
by the addition of glycerol as plasticizer. Rouilly ez al.
[127] also prepared blends of starch and natural
rubber by casting mixtures of aqueous starch with
glycerol and latex. Carvalho et al. [112] blended
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native starch granules and a natural rubber latex by
melt processing calling upon water as a plasticizer for
starch. The stable dispersion and the good adhesion
between the two natural polymers were attributed in
part to the natural nonrubber constituents present in
the latex. As little as 2.5% w/w of rubber was suffi-
cient to decrease drastically the brittle character of
TPS. Figure 7.6 shows SEM pictures of starch/rubber
blends fractured in liquid nitrogen depicting the good
dispersion of rubber in the starch matrix.

Zein is a protein obtained from maize as a by-
product of maize starch production. It is completely
amorphous and, despite the fact of being more
hydrophobic than starch, it can also be plasticized by
glycerol. It is, therefore, an interesting material for
use in blends with starch because it shows some
compatibility with starch while conferring to the
blends a more hydrophobic character [128,129].
Corradini et al. [129] described starch/zein blends
prepared by melt processing. The plasticization of
zein by glycerol was studied and Fig. 7.7a and 7.7b

5 T T T T T
-75 50 25 0 25 50
(c) Temperature (°C)

75 100 125

-75 -50 25 0 25 50 75 100 125

(d) Temperature (°C)

Figure 7.7 Storage modulus (E’) and tan & as a function of temperature for (a) and (b) plasticized zein with 5, 10,
15, 22, 30, and 40% w/w of glycerol, and (c) and (d) starch/zein blends with 22% w/w of glycerol; the proportions
given in the key are starch:zein. Reproduced with permission from Reference [129].
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Table 7.4 Composites and Nanocomposites Based on Thermoplastic Starch

TPS

Matrix
Commercial or
Common Name Description Source Filler/Reinforcement Reference
Bioplast GS902 Potato starch blends Biotec Emmerich, Flax, jute, ramie, oil [152]
with cellulose Germany palm fiber
derivatives and
synthetic polymers
TPS/PCL-Tone P- Wheat starch/40% poly- | Union carbide Flax and ramie [152]
787 e-caprolactone (PCL) Antwerp, Belgium
Mater-Bi ZI0O1U Blends of corn starch Montedison, Flax and ramie [152]
and poly-e- caprolactone | Deutchland
TPS/TPU Blends of TPS/ Research’ Flax [153]
thermoplastic
polyurethane
TPS/PCL Blends TPS/poly-e- Research’ Flax [153]
caprolactone (PCL)
Mater Bi TPS blends with PCL, Novamont/ Non-woven of flax, [154]
EVOH, etc. with at least | Montedison hemp, ramie fibers
85% of starch
SCONACELL A Modified starch blends BSL
Mater-Bi TPS blends with PCL, Novamont Flax cellulose pulp [155]
etc. (10—40%)
TPS/PVA TPS—polyvinyl alcohol Research Softowood fiber [141]
blends
TPS Starch/glycerol/sorbitol Research’ Regenerated cellulose [156]
—TPS fibers: Cellunier F and
Temming 500
TPS Wheat starch/glycerol/ Research’ Flax and ramie [152]
sorbitol-TPS
TPS Maize starch—TPS Research’ 10—20% of flax fiber [1583]
TPS Starch/glycerol/ Research’ Micro winceyette fiber [157]
formamide/urea
TPS Starch/glycerol Research’ Kraft bleached and [130, 131]
(30—50% glycerol) thermomechanical
wood pulps from
Eucalyptus
TPS Potato starch/glycerol Research’ Potatoes microfibrils® [132]
cast film—TPS
TPS Waxy maize/glycerol Research’ Cellulose whiskers (from | [158]
cast film tunicate) 2
TPS Waxy-maize/glycerol/ Reseach’ Starch nanocrystals® [159]
water cast film
TPS Wheat starch/glycerol- Research’ Leafwood fibers [133]
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Table 7.4 Composites and Nanocomposites Based on Thermoplastic Starch—Cont’'d
Matrix
Commercial or
Common Name Description Source Filler/Reinforcement Reference
Mater-Bi Starch/EVOH Novamont Hydroxylapatite- [160]
reinforced
TPS Maize starch/30% Research’ Kaolin [134]
glycerol
TPS Potato and wheat starch/ | Research’ Up to 10 wt% of [161, 162]
36.5% glycerol montmorillonite (Cloisite
Na1, Cloisite 30B-
ammonium)?
"Described in research papers.ZFiller or reinforcement with nanometric dimensions

Tensile strength (MPa)

Water uptake (%)
5 3

5
Fibre (%) 10
(c) TPS/Kraft wood pulp

shows the DMA plots of the storage modulus and tan
o as a function of temperature. Above 22% w/w of
glycerol, its influence on the glass—rubber transition
temperature seized. Consequently, the exceeding

Water uptake (%)

Tensile strength (MP2)

10
%) 15

(d) TPS/Thermomechanical wood pulp

Figure 7.8 Tensile strength and equilibrium water uptake of TPS reinforced with Eucalyptus wood pulps: (a) and
(c) Kraft pulp; (b) and (d) thermomechanical pulp. Reproduced with permission from Reference [130].

plasticizer phase separated and, in the presence of
starch, migrated into the TPS-phase. Starch/zein
blends are immiscible and, depending on the ratio of
these two natural polymers, one or the other generated
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Figure 7.9 Modulus, tensile strength, and elongation of TPS/kaolin composites. Reproduced with permission from

Reference [134].

the continuous phase. Figures 7.7c and 7.7 d show the
dynamic mechanical properties of these blends with
the two characteristic tan 8 peaks corresponding to the
starch/glycerol and zein/glycerol phases.

7.6.7 Composites and
Nanocomposites of TPS

As discussed earlier, TPS has two main draw-
backs, namely it is mostly water-soluble and has poor
mechanical properties; its reinforcement is one of the
available options to overcome these weaknesses.
Composite materials in which TPS plays the role of
the matrix represent a relatively new topic and hence
the literature available is rather modest. Table 7.4
lists some of these reported materials.

Reinforcement has proved to be very effective in
improving water resistance, and particularly the
mechanical properties of TPS. Increases higher than
100% in tensile strength and higher than 50% in
modulus were measured when TPS was reinforced
with wood fibers [130—133]. Figure 7.8 shows the
notable increase in tensile strength and water uptake
from TPS to its composites containing 10—50 wt% of
glycerol and 0—15 wt% of Kraft and thermo-
mechanical Eucalyptus wood pulp [130,131]. With
the addition of wood fibers, the water uptake at
equilibrium decreased considerably, becoming almost
independent of both fiber and glycerol contents. This
behavior was attributed mainly to the constraining
effect of the reinforcement to the material expansion
as water is being absorbed. The effect of lignin,
present in thermomechanical fibers, and virtually
absent in Kraft counterparts, was negligible.

Kaolin also played a very good role as a rein-
forcement for TPS matrices as shown by Carvalho

et al. [134]. The compositions studied in this work
were based on TPS containing 30% of glycerol and
kaolin in proportions of 10, 20, 30, 40, 50, and 60 phr.
Figure 7.9 shows the variation of modulus and tensile
strength of these composites as a function of kaolin
content with a maximum for both at 50 phr and an
increase of 135 and 50%, respectively, relative to the
sample prepared without kaolin. The water uptake
was reduced considerably for all these kaolin-rein-
forced TPS composites [134].

A different approach was recently applied to
cellulose fibers and starch granules to prepare single-
component composites by the partial oxypropylation
of these substrates [135].

7.6.8 Chemical Modification of TPS
by Reactive Extrusion

Chemical modification of TPS by reactive
extrusion has been one of the main techniques used
for the chemical modification of TPS and will not be
discussed in this chapter since excellent recent
reviews have been published [136—140]. Several
reactions can be performed including esterification,
acidolysis, glycolysis, urethane formation epoxida-
tion, and others. This technique allows the chemical
modification of starch in TPS without the use of
solvent and complex process and is in general
conduced in single-screw and twin corotating screw
extruders.

7.7 Conclusions

The necessity to replace materials based on
dwindling fossil resources by homologs prepared
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from renewable counterparts has become an urgent
matter for environmental and economical reasons.
Within this context, starch will certainly play a very
important role as a source of viable alternatives. Its
exploitation in nonfood applications is not new, but
had declined considerably after the Second World
War because of the boom of petrochemistry and the
development of polymer materials associated with
it. The revival of interest in starch-based plastics
began at the end of the last millennium with the
emergence of new successful commercial products,
and is witnessing a vigorous pursuit. The reasons
for this success are to be found in the fact that
starch is a cheap raw material, readily available
ubiquitously (albeit from different species) and
very versatile in terms of chemical and physical
modifications.
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8.1 Introduction

Composite materials (or composites for short) are
engineered materials made from two or more
constituents with significantly different mechanical
properties, which remain separate and distinct within
the finished structure. There are two categories of
constituent materials: matrix and reinforcement. At
least one portion of each type is required. The matrix
surrounds and supports the reinforcements by main-
taining their relative positions. The reinforcements
impart special physical (mechanical and electrical)
properties to enhance the matrix properties. A
synergism produces material properties unavailable
from naturally occurring materials. Due to the wide
variety of matrixes and reinforcements available, the
design potential for composite is huge.

The so-called natural composites like bones and
woods are constructed by biological processes. The
most primitive man-made composite materials
comprised straw and mud in the form of bricks for
building constructions. The most advanced examples
are used on spacecrafts in highly demanding envi-
ronments. The most visible applications are paved
roadways in the form of either steel and Portland
cement concrete or asphalt concrete. Engineered
composite materials must be formed to shape. This

involves strategically placing the reinforcements
while manipulating the matrix properties. A variety
of methods are used according to the end-item
design requirements. These fabrication methods are
commonly named molding or casting processes, as
appropriate, and both have numerous variations. The
principle factors impacting the methodology are the
nature of the chosen matrix and reinforcement
materials. Another important factor is the gross
quantity of material to be produced. Large quantities
can be used to justify high capital expenditures for
rapid and automated manufacturing technology.
Small production quantities are accommodated with
lower capital expenditures, but higher labor costs at
a correspondingly lower rate.

Many commercially produced composites use
a polymer matrix often called a resin. The rein-
forcements are often fibers but also commonly
ground minerals. Strong fibers such as fiberglass,
quartz, Kevlar, or carbon fibers give the composite its
tensile strength, while the matrix binds the fibers
together, transferring the load from broken fibers to
unbroken ones and between fibers that are not
oriented along the tension lines. Also, unless the
matrix chosen is especially flexible, it prevents the
fibers from buckling in compression. In terms of
stress, any fiber will provide resistance to tension, the
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matrix will resist shear, and all materials present will
resist compression. Composite materials can be
divided into two main categories, normally referred
to as short-fiber reinforced materials and continuous-
fiber reinforced materials, the latter often constituting
a layered or laminated structure. Shocks, impacts,
loadings, or repeated cyclic stresses can cause the
laminate to separate at the interface between two
layers, a condition known as delamination. Indi-
vidual fibers can separate from the matrix through
a mechanism called “fiber pull-out”.

Nanoscience and nanotechnology correspond to
science and technology that extend from about 100
nm down to atomic orders of magnitude around 0.2
nm, and to the physical phenomena and material
properties observed when operating in this size
range. Conceptually, nanocomposites refer to multi-
phase materials where at least one of the constituent
phases has one dimension less than 100 nm. This
field has attracted the attention, scrutiny, and imagi-
nation of both scientific and industrial communities
in recent years, and has opened a large window of
opportunity to overcome the limitations of traditional
micrometer-scale composites. Research in this area is
literally exploding, because of the intellectual appeal
of building blocks on the nanometer scale and
because the technical innovations permit the
designing and creation of new materials and struc-
tures with unprecedented flexibility, improvements in
physical properties, and significant industrial impact.

The large interest in the nanoscale range originates
from outstanding properties. Enhanced properties
can often be reached for low-filler volume fraction,
without a detrimental effect on other properties such
as impact resistance or plastic deformation capa-
bility. Though industrial exploitation of nano-
composites is still in its infancy, the rate of
technology implementation is increasing.

8.2 Natural Fibers

Agro-based resources, also referred to as ligno-
cellulosics, are resources that contain cellulose,
hemicelluloses, and lignin. When considering
lignocellulosics as possible engineering materials,
there are several basic concepts that must be taken
into account [1]. First, lignocellulosics are hygro-
scopic resources that were designed to perform, in
nature, in a wet environment. Second, nature is pro-
grammed to recycle lignocellulosics in a timely way

through biological, thermal, aqueous, photochemical,
chemical, and mechanical degradation. In simple
terms, nature builds a lignocellulosic structure from
carbon dioxide and water and has all the tools to
recycle it back to the starting chemicals.

There is a wide variety of agro-based or natural
fibers to consider for utilization. They can be sub-
divided based on their origin, namely vegetable,
animal, or mineral. Cellulose as a material is used by
the natural world in the construction of plants and
trees, and by man to make shipping sails, ropes, and
clothes, to give but a few examples. It is also the
major constituent of paper and further processing can
be performed to make cellophane and rayon.
Depending on the part of the plant from which they
are taken, cellulose fibers can be classified as follows:

e Grasses and reeds: The fibers come from the
stem of the plants, such as bamboo or sugar
cane.

e Leaf or hard fibers: These fibers are most
commonly used as reinforcing agents in poly-
mers. They can be extracted for instance from
sisal, henequen, abaca, or pineapple.

o Bast or stem fibers: These fibers come from the
inner bark of the stem of the plants. Common
examples are jute, flax, hemp, kenaf, and ramie.

e Straw fibers: Examples include rice, wheat, and
corn straws.

e Seed and fruit hairs: These fibers come from
seed-hairs and flosses and are primarily repre-
sented by cotton and coconut.

e Wood fibers: Examples include maple, yellow
poplar, and spruce.

In any commercial development, there must be
a long-term guaranteed supply of resources. The
growing of natural fibers is spread across all the five
continents. Quality and yield depend on the kind of
plant, the grown variety, the soil, and the climatic
conditions. Tanzania and Brazil are the two largest
producers of sisal. Henequen is produced in Mexico,
kenaf is grown commercially in the United States,
and flax is a commodity crop grown in the European
Union, as well as in many diverse agricultural
systems and environments throughout the world,
including Canada, Argentina, India, and Russia.
Hemp originated in Central Asia, from where it
spread to China, the Philippines, and many other
countries. Ramie fibers, mostly available and used in
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China, Japan, and Malaysia, are the longest and one
of the strongest textile fibers. The largest producers
of jute are India, China, and Bangladesh, and coir is
produced in tropical countries. The price for natural
fiber varies depending on the economy of the coun-
tries where such fibers are produced. Table 8.1 shows
the inventory of some of the larger sources of agri-
cultural bast fiber that could be utilized for fiber—
polymer composites. However, only a small part of
these fibers has been used for industrial applications
up to now, which shows that the potential of the
existing bast plants has not yet been exhausted and
that huge natural resources are still available.

The traditional source of natural fibers has been
wood and for many countries, this will continue
to be the case. Other large sources come from
recycling agro-fiber-based products such as paper,
waste wood, and point-source agricultural residues.
Recycling paper products back into paper requires
a wet processing and the removal of inks, salts,
and adhesives. Recycling the same products into
composites can be done by using dry processing
whereby all components are incorporated into the
composite, eliminating the need of costly separation
procedures. The major point source fibers are rice
hulls from a rice processing plant, sunflower seed
hulls from an oil processing unit, and bagasse from
a sugar mill.

In order to maintain the high quality of the fibers,
their separation from the original plant is best done
by retting, scrapping, or pulping. Basically, there are
two working principles to separate the bast fibers
from the wood [3]. The conventional method uses
breaking rollers, which alternatingly bend, buckle,

Table 8.1 Inventory of Major Potential Bast
Fiber Sources for the Year 2000/2001 [2]

World Production
Fiber Source | (metric tons)
Jute 2,900,000
Linseed 942,240
Kenaf 470,000
Flax 464,650
Sisal 380,000
Ramie 170,000
Hemp 157,800
Abaca 98,000
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and soften the stalks. This method requires an
intensive retting before processing, which is induced
by microorganisms that dissolve the lignin and
pectins of the stalk. Modern technologies use swing
hammer mills in most cases. The fiber decortication
is provoked by the impact stress of the hammers
directly on the surface of the stalks. This working
principle ensures a complete separation of the fibers
from the wood, even when processing freshly har-
vested, nonretted plants. The effective mechanical
separation of the fibers and the wood inside the
decorticator simplifies the subsequent fiber cleaning.
The availability of large quantities of lignocellulosic
fibers with well-defined mechanical properties is
a general prerequisite for the successful subsequent
use of these materials.

Plant fibers are bundles of elongated thick-walled
dead plant cells. They are like microscopic tubes, that
is cell walls surrounding the center lumen that
contributes to their water uptake behavior (Fig. 8.1).
Natural fibers display a multilevel organization and
consist of several cells formed out of semicrystalline
oriented cellulose microfibrils connected to
a complete layer by lignin, hemicelluloses, and in
some cases pectins. Climatic conditions, age, and
digestion process influence not only the structure of
the fibers but also their chemical composition. Table
8.2 reports the mean chemical composition of some
natural fibers. With the exception of cotton, the
components of natural fibers are cellulose, hemi-
celluloses, and lignin, which determine their physical
properties. Several of such cellulose—lignin/hemi-
cellulose layers in one primary and three secondary
cell walls stick together to form a multilayer
composite. Such microfibrils have typically a diam-
eter of about 2—20 nm, are made up of 30—100
cellulose macromolecules in extended chain

Middle lamella S4 5,3. Secondary walls

-’ )
Lumen \4\\ S,

S> Sy

A ‘-

Primary wall (fibrils of cellulose
in a lignin—hemicellulose matrix)

Figure 8.1 Schematic structure of a natural fiber cell.
Reproduced with permission from Reference [4].
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Table 8.2 Mean Chemical Composition of Some Natural Fibers [7]

Cotton | Jute | Flax | Ramie | Sisal
Cellulose 82.7 64.4 | 64.1 68.6 65.8
Hemicelluloses 5.7 12.0 | 16.7 13.1 12.0
Pectin 5.7 0.2 1.8 1.9 0.8
Lignin - 11.8 | 2.0 0.6 9.9
Water soluble 1.0 1.1 3.9 55 1.2
Wax 0.6 0.5 1.5 0.3 0.3
Water 10.0 10.0 | 10.0 | 10.0 10.0

conformation, and provide the mechanical strength to
the fiber.

The cell walls differ among themselves in their
composition and orientation of the cellulose micro-
fibrils. In most plant fibers, these microfibrils are
oriented at an angle to the normal axis called the
microfibrillar angle (Fig. 8.2). The characteristic
value for this structural parameter varies from one
plant fiber to another.

The outer cell wall is porous and contains almost all
of the noncellulose compounds, except proteins,
inorganic salts, and coloring matters and it is this outer
cell wall that creates poor absorbency, poor wetta-
bility, and other undesirable textile properties. In most
applications, fiber bundles or strands are used rather
than individual fibers. Within each bundle, the fiber
cells overlap and are bonded together by pectins that
give strength to the bundle as a whole. However, the
strength of the bundle structure is significantly lower
than that of the individual fiber cell and thus the
potential of the individual fibers is not fully exploited.

Secondary wall Sg Lumen

Helically Secondary wall S,
arranged Spiral angle
crystalline
microfibrils Secondary wall S,
of cellulose
Primary wall
Amorphous

region mainly
consisting of lignin
and hemicellulose

Disorderly arranged
crystalline cellulose
microfibrils networks

Figure 8.2 Schematic structure of an elementary
plant fiber (cell). The secondary cell wall, S,, makes
up about 80% of the total thickness. Reproduced with
permission from Reference [5].

The properties of natural fibers are strongly
influenced by many factors, particularly chemical
composition, internal fiber structure, microfibrillar
angle, cell dimensions, and defects, which differ
between different parts of a plant, as well as between
different plants. A weak correlation between strength
and cellulose content and microfibril or spiral angle
is found for different plant fibers. In general, the fiber
strength increases with increasing cellulose content
and decreasing spiral angle with respect to the fiber
axis. This means that the most efficient cellulose
fibers are those that have a high-cellulose content,
coupled with a low-microfibril angle. Other factors
that may affect the fiber properties are the maturity,
the separating process, the microscopic and molec-
ular defects, such as pits and knots, the type of soil,
and the weather conditions under which the vegetable
was grown. Differences in fiber structure due to the
environmental conditions during growth result in
a broad range of characteristics. The mechanical
properties of plant fibers are in general much lower
when compared to those of the most widely used
reinforcing glass fibers (Table 8.3). However,
because of their low density, the specific properties
which are property-to-density ratio dependent,
namely strength and stiffness, are comparable to
those of glass fibers. Thus, natural fibers are in
general suitable to reinforce polymer matrices, both
thermoplastics and thermosets.

8.3 Composites

The use of additives in polymers is likely to grow
with the introduction of improved compounding
technologies and new coupling agents that permit the
use of high filler/reinforcement contents. Fillings up to
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Table 8.3 Physical Properties of Some Natural Fibers (Properties of Some Synthetic Organic and Inorganic

Fibers are Added for Comparison)

Density Young’s Modulus | Tensile Strength | Elongation | Microfibrillar
Fiber (g cm?®) (GPa) (MPa) (%) Angle (°)
Cotton 1.5 5.5—27.6 300—1500 3-8 —
Jute 1.3—-1.5 13—26.5 393-800 1.2-1.8 8
Flax 1.5 27.6 345—1500 2.7-3.2 5-10
Hemp 1.5 70 690 1.6 2-6.2
Ramie 1.55 61.4—128 400—938 1.2-3.8 7.5
Sisal 1.45 9.4-22 468—700 2—7 10—22
Coir 1.15—1.46 4—6 130—220 15—40 30—49
Viscose - 11 593 11.4 —
Soft wood kraft 15 40 1000 _ _
E-glass 2.5 70 2000—3500 25 —
S-glass 2.5 86 4570 2.8 —
Aramide 1.4 63—67 3000—3150 3.3-3.7 —
Carbon 1.4 230—240 4000 1.4-1.8 —

75 pph could be common in the future and this would
have a tremendous impact in lowering the use of
petroleum-based polymers [6]. Since the price of
plastics has risen sharply over the past few years,
adding a natural powder or fiber to them provides
a cost reduction to industry (and in some instances
increases performance as well). To the agro-based
industry, this represents an increased value for the
agro-based component. Ideally, of course, a bio-based
renewable polymer reinforced with agro-based fibers
would be the most environment-friendly material.
Over the past decade there has been a growing
interest in the use of lignocellulosic fibers as rein-
forcing elements in polymeric matrices [7,8]. A
number of researchers have been involved in inves-
tigating the exploitation of cellulosic fibers as load-
bearing constituents in composite materials. Prior
work on lignocellulosic fibers in thermoplastics has
concentrated on wood-based flour or fibers [9—13].
The majority of these studies has been on polyolefins,
mainly polypropylene (PP). Compared to inorganic
fillers, the main advantages of lignocellulosics are
listed below:
1. Low density: Their density, around 1.5 g em®,
is much lower than that of glass fibers, around
25¢g cm?.

2. Low cost and low-energy consumption.
3. High specific strength.

4. Renewability and biodegradability.

5

. Abundant availability in a variety of forms
throughout the world.

6. Flexibility: Unlike brittle fibers, lignocellu-
losic fibers will not be fractured during
processing.

7. Nonabrasive nature to processing equipment,
which allows high filling levels, resulting in
significant cost savings and high stiffness
properties.

8. Nontoxicity.
9. Ease of handling.

10. Reactive surface, facilitating its chemical
modification.

11. Organic nature, resulting in the possibility to
generate energy without residue after incinera-
tion at the end of their life-cycle.

12. Economic development opportunity for
nonfood farm products in rural areas.

Despite these attractive aspects, lignocellulosic
fibers are used only to a limited extent in industrial
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practice due to difficulties associated with surface
interactions. It is important to keep these limita-
tions in perspective when developing end-use
applications. The primary drawback of agro-based
fibers is associated with their inherent polar nature
and the nonpolar characteristics of most thermo-
plastics, which causes difficulties in compounding
the filler and the matrix and, therefore, in achieving
acceptable dispersion levels, which in turn gener-
ates inefficient composites. Another drawback of
lignocellulosic fillers is their hydrophilic character,
which favors moisture absorption with a conse-
quent swelling of the fibers and the decrease in
their mechanical properties. Moisture absorption
and the corresponding dimensional changes can be
largely prevented if the hydrophilic filler is thor-
oughly encapsulated by the hydrophobic polymer
matrix and there is a good adhesion between both
components. However, if the adhesion level
between the filler and the matrix is not good
enough, diffusion pathways for moisture can
preexist or can be created under mechanical solic-
itation. The existence of such pathways is also
related to the filler connection and therefore to its
percolation threshold.

Yet another limitation associated with the use of
lignocellulosic fillers is the fact that the processing
temperature of composites must be restricted to just
above 200 °C (although higher temperatures can be
used for short periods of time), because of their
susceptibility to degradation and/or the possibility of
volatile emissions that could affect the composite
properties. This limits the types of thermoplastics
that can be used to polymers like polyethylene, PP,
poly-vinyl chloride, and polystyrene, which consti-
tute, however, about 70% of all industrial thermo-
plastics. Nevertheless, technical thermoplastics like
polyamides, polyesters, and polycarbonates, which
are usually processed at temperatures higher than
250 °C, cannot be envisaged as matrices for these
types of composite.

8.4 Composite Processing

Drying the fibers is an essential prerequisite that
must be applied before processing, because water on
the fiber surface acts as a separating agent at the
fiber—matrix interface. In addition, because of the
water evaporation during processing at temperatures
higher than 100 °C, voids appear in the matrix. Both

phenomena obviously lead to a decrease in the
mechanical properties of the ensuing composites.
Fiber drying can be done under different conditions,
which results in different degrees of their residual
moisture.

Extrusion and injection-molding are the
economically most attractive processing methods of
thermoplastic-based composites. The extrusion
press processing (express-processing) has been
developed for the production of flax fiber-rein-
forced PP at the research center of Daimler Benz
[7]. In this process, flax fiber nonwovens and PP
melt films are alternatively deposited and molded.
A production process for PP semiproducts rein-
forced with lignocellulosic fibers in the form of
mats has been developed by BASF AG [7]. Fiber
mats are produced by stitching together layers of
fibers that have previously been crushed.

Beginning with bakelite in the early 1900s, engi-
neers and scientists have continued to work to
improve the various attributes of thermosets through
the addition of natural fibers. Unsaturated polyester,
epoxy, and vinylester resins are commonly used for
preparing such composites. Fabrication techniques
suitable for manufacturing natural fiber reinforced
thermoset composites include the hand lay-up
technique for unidirectional fibers/mats/fabric, and
filament winding and pultrusion for continuous
fibers. Resin transfer molding (RTM) and prepregs
can also be used. Semiproducts, such as sheet
molding compounds (SMC) and bulk molding
compounds (BMC), can be obtained with short and
chopped fibers.

8.5 Composite Properties

The major factors that govern the properties of
short-fiber thermoplastic composites are fiber volume
fraction, fiber dispersion, fiber aspect ratio and length
distribution, fiber orientation, and fiber—matrix
adhesion. Each of these parameters is briefly dis-
cussed further.

8.5.1 Fiber Volume Fraction

Like other composite systems, the properties of
short-fiber composites are strongly determined by the
fiber concentration. The variation of the composite
properties with fiber content can be predicted using
the rule of mixtures, which involves the extrapolation
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of both matrix and fiber properties to a fiber volume
fraction of 0 and 1. The following criteria must be
taken into account:

1. The composite fracture has to be fiber-
controlled.

2. The modulus of elasticity of the fiber should be
greater than that of the matrix.

3. The strain to failure of the matrix must be
greater than that of the fiber.

In the case of unidirectional (or longitudinal)
fiber-reinforced composites, the stress is trans-
ferred from the matrix to the fiber by shear.
When stressed in tension, both the fiber and the
matrix elongate equally according to the principle
of combined action [14]. Hence, the mechanical
properties of the composite can be evaluated on
the basis of the properties of the individual
constituents. For a given elongation of the
composite: both constituents, fiber and matrix,
may be in elastic deformation; the fiber may be in
elastic deformation, whereas the matrix may be in
plastic deformation; or, both the fiber and the
matrix may be in plastic deformation (Fig. 8.3).

| 1] ] v
| | |
| | - |
| | Fibre | |
| | | |
| | | |
@
3 | | | |
n | | . | |
| | Composite | |
| | |
| | | |
| Matri | |
| atrix | |
Strain

Figure 8.3 lllustration of four stages of deformation
of fibers, matrix, and composite. Stage I: elastic
deformation of both fibers and matrix; stage Il
elastic deformation of fibers and plastic deformation
of matrix; stage lll: plastic deformation of both fibers
and matrix; stage IV: failure of both fibers and
matrix. Reproduced with permission from Reference [14].
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Figure 8.4 Model for the prediction of the ultimate
tensile strength of unidirectional fiber-reinforced
composites for which the fracture is fiber-controlled.

At low fiber volume fraction, a decrease in the
tensile strength is usually observed (Fig. 8.4). This is
ascribed to the dilution of the matrix and the intro-
duction of flaws at the fiber ends where a high stress
concentration occurs, causing the bond between fiber
and matrix to break. At high volume fraction, the
stress is more evenly distributed and a reinforcement
effect is observed. For all values of strain, the stress
value in the composite is given by a simple mixing
rule balanced by the volume fraction of each
constituent, namely:

Pe = pVi + PV (8.1)

where p represents the stress value of each compo-
nent at a particular strain value and V the volume
fraction of each component of the composite. The
subscripts ¢, f, and m correspond to the composite,
the fiber, and the matrix, respectively.

The fiber volume fraction for which the strength
ceases to decrease and begins to increase is called the
critical fiber volume fraction, V.. Below this value,
the behavior of the composite is only governed by the
matrix:

For V¢ ) Verit pcspmvin (8 2)
For Vi . Vuie  peSpeVelpy Vim '

where pp, is the ultimate tensile strength of the
matrix, pris that of the ultimate tensile strength of the
fiber, and a:n is the stress on the matrix at a strain
value where pr is reached. Vi is an important
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parameter because it corresponds to the volume
fraction of the fibers above which they begin to
strengthen, rather than weaken the matrix. It can be
calculated from the following equation:

*
pm_pm

% (8.3)
pf_pm

Vcrit =

For a given matrix, the critical fiber volume frac-
tion decreases with the increasing strength of the
fibers. This means that for fibers which are much
stiffer than the matrix, V;; is very low.

The modulus of elasticity is also an important
factor. Within strain limits for which both the fiber
and the matrix are in elastic deformation, the
modulus of the composite can be calculated using the
rule of mixture:

E. = EfVi+ EnVi (8.4)

where (Fig. 8.4) E., Ef, and E,, are the modulus
of elasticity of composite, fiber, and matrix,
respectively. When the fiber is in elastic and the
matrix is in plastic deformation, the equation
becomes:

*

Ee = EtVe+(C2)Viy (8.5)

The ratio o, /¢ is the slope of the stress—strain
curve of the matrix at a given strain beyond the
proportional limit of the matrix.

The length of some individual natural fibers can
reach up to 4 m, and when bundled with other
fibers, this maximum length will be even higher.
However, lignocellulosic materials are mainly used
as discontinuous short fibers and are ground into
fine particles with relatively low aspect ratios.
These fillers generally increase the stiffness of the
composites, but the strength is generally lower than
that of the pristine matrix [10]. For instance,
residual softwood sawdust was used as a reinforc-
ing material in PP [15] and it was found that the
tensile strength decreased regularly from 35 MPa
for the unfilled matrix down to 10 MPa for the 60
wt% filled system. Conversely, the addition of
henequen fibers to a low-density polyethylene
matrix increased the tensile strength by 50% (from
9.2 MPa to 14 MPa) at a fiber loading of 30 vol%
[16]. At the same time, the modulus increased from
275 MPa to 860 MPa and the strain at break

decreased from 42% to 5%. The increase in stiff-
ness results from the fact that lignocellulosic fillers
or fibers have a higher Young’s modulus, as
compared to commodity thermoplastics, thereby
contributing to the higher stiffness of the compos-
ites. However, an anchoring effect of the lignocel-
lulosic filler acting as nucleating agents for the
polymeric chains has been reported [17], resulting
in an increase in the degree of crystallinity of the
matrix. This effect seems to be strongly influenced
by the lignin content and the surface aspect of the
fiber [18,19]. This transcrystallization phenomenon
at the fiber—matrix interface participates in the
reinforcing effect of the filler.

In order to use models to estimate composite
properties, it is necessary to know the properties of
the fibers, which vary widely depending on the
source, age, separating techniques, moisture content,
speed of testing, history of the fiber, etc. The prop-
erties of the individual fibers are therefore very
difficult to measure. Moreover, in a natural fiber—
polymer composite, the lignocellulosic phase is
present in a wide range of diameters and lengths,
some in the form of short filaments and others in
forms that seem closer to the individual fiber.

Continuous regenerated cellulose fibers are
extensively used as reinforcements in composites
such as tyres. However, very few studies are avail-
able on their use as reinforcement for polymer
composites. Because of the strong hydrogen bonds
that occur between cellulose chains, cellulose does
not melt or dissolve in common solvents. Thus, it is
difficult to convert the short fibers from wood pulp
into continuous filaments. Regenerated cellulose
fibers are produced on a commercial scale under
the generic name “Lyocell” by a spinning process
from a cellulose N-methylmorpholine-N-oxide/
water solution. The mechanical properties of these
fibers were found to depend on the draw ratio
[20,21]. The low mechanical properties reported for
unidirectional composites composed of Lyocell
fibers embedded in a poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) matrix were ascribed to weak
interfacial adhesion due to both the smooth topo-
graphy of the fibers and the hydrophobic properties
of the matrix [22].

8.5.2 Fiber Dispersion

The primary requirement for obtaining good
performances from short-fiber composites is a good
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dispersion level in the host polymer matrix, which is
obtained if the fibers are separated from each other
and each fiber is surrounded by the matrix. Clumping
and agglomeration must therefore be avoided.
Insufficient fiber dispersion results in an inhomoge-
neous mixture composed of matrix-rich and fiber-
rich domains. Mixing the polar and hydrophilic fibers
with a nonpolar and hydrophobic matrix can result in
dispersion difficulties.

There are two major factors affecting the extent
of fiber dispersion: fiber—fiber interaction, such as
hydrogen bonding between the fibers, and fiber
length, because of the possibility of entanglements.
As mentioned above, one of the specificity of
cellulose fibers as reinforcement is their poor
dispersion characteristics in many thermoplastic
melts, due to their hydrophilic nature. Several
methods have been suggested and described in the
literature to overcome this problem and improve
the dispersion. The following are among them:

1. Fiber surface modification: The surface energy
is closely related to the hydrophilicity of the
lignocellulosic fibers.

2. Use of dispersing agents, such as stearic acid
or a mineral oil: The dispersion of lignocellu-
losic fibers can be improved by pretreatment
with lubricants or thermoplastic polymers.
An addition of 1—3% stearic acid is sufficient
to achieve a maximum reduction in size and
number of aggregates in PP and polye-
thylene [7]. The use of stearic acid in high
density polyethylene (HDPE)/wood fibers
was reported to improve the fiber dispersion
and the wetting between the fiber and the
matrix [9].

3. Fiber pretreatments, such as acetylation, or use
of a coupling agent.

4. Increased shear force and mixing time: The
best processing method involves twin-screw
extruder.

Some physical methods have also been sug-
gested to improve the dispersion of short fibers
within the matrix. Treatments such as stretching,
calendering, thermal treatment, and the production
of hybrid yarns do not change the chemical
composition of the fiber, but modify their structural
and surface properties and thus influence their
mechanical bonding with polymers.
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8.5.3 Fiber Aspect Ratio
and Length Distribution

The efficiency of a composite also depends on
the amount of stress transferred from the matrix to
the fibers. This can be maximized by improving the
interaction and adhesion between both phases and
also by maximizing the length of the fibers retained
in the final composite. However, long fibers some-
times increase the amount of clumping resulting in
poor dispersion of the reinforcing phase within the
host matrix. The ultimate fiber length present in the
composite depends on the type of compounding and
molding equipment used and the processing condi-
tions. Several factors contribute to the fiber attrition,
such as the shearing forces generated in the com-
pounding equipment, the residence time, the
temperature, and the viscosity of the compound.
Using a polystyrene matrix, it was shown that the
extent of breakage was most severe and rapid for
glass fibers, less extensive for Kevlar fibers, and the
least for cellulose fibers [23]. The effect of twin-
screw blending of wood fibers and polyethylene was
also reported [12] and it was shown that the level of
fiber attrition depended on the configuration and the
processing temperature.

The fiber aspect ratio, which is its length to
diameter ratio, is a critical parameter in a composite.
A relationship has been proposed by Cox to relate the
critical fiber aspect ratio, /./d, to the interfacial shear
stress, gy, namely:

le Pfu

7= 24y (8.6)
where, py, is the fiber ultimate strength in tension. At
controlled fiber ultimate strength in tension, this
equation shows an inverse relationship between the
critical aspect ratio and the interfacial shear stress,
where the former decreases as the latter increases,
because of efficient transfer. This means that, for
each short-fiber composite system, there is a critical
fiber aspect ratio that corresponds to its minimum
value for which the maximum allowable stress can be
achieved for a given load. This parameter is deter-
mined by the fiber properties, the matrix properties,
and the quality of the fiber—matrix interface.

The condition for maximum reinforcement, that is
the condition ensuring maximum stress transfer to
the fibers, before the composite fails, is to have
a length higher than the critical length [, (Fig. 8.5). If
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Figure 8.5 Variation of tensile stress in fiber and shear stress at interface occurring along the fiber length. If the
fiber aspect ratio is lower than its critical value, I, the fibers are not loaded to their maximum stress value.

the fiber aspect ratio is lower than its critical value,
the fibers are not loaded to their maximum stress
value. A specificity of cellulose fibers is their flexi-
bility compared to glass fibers which allows a desir-
able fiber aspect ratio to be maintained after
processing — around 100 or 200 for high perfor-
mance short-fiber composites.

8.5.4 Fiber Orientation

Fiber orientation is another important parameter
that influences the mechanical behavior of short-fiber
composites. This is because the fibers in such
composites are rarely oriented in a single direction,
which is necessary to obtain the maximum rein-
forcement effects. During the processing of short-
fiber composites, a continuous and progressive
orientation of individual fibers occurs (Fig. 8.6). This
change is related to the geometrical properties of the
fibers, the viscoelastic properties of the matrix, and
the change in shape produced by the processing. In
these operations, the polymer melt undergoes both
elongational and shear flow.

8.5.5 Fiber—Matrix Adhesion

Fiber to matrix adhesion plays a very important
role in the reinforcement of composites with short

///
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[N //\/

N/

(a) (b)

fibers. During loading, loads are not applied directly
to the fibers but to the matrix. It is necessary to have
an effective load transfer from the matrix to the
fibers for the ensuing composites to have good
mechanical properties. This requires good interac-
tion as well as adhesion between the fibers and the
matrix, that is strong and efficient fiber—matrix
interface.

As already pointed out, strongly hydrophilic
cellulose fibers are inherently incompatible with
hydrophobic polymers. When two materials are
incompatible, it is often possible to introduce a third
material having intermediate properties capable of
reducing their interfacial energy. One way of
applying this concept to the present context is to
impregnate the fibers with a polymer compatible
with the matrix and, in general, this is achieved
using low-viscosity polymer solutions or dispersion.
For a number of interesting polymers, however, the
lack of solvents limits the use of this method. The
following example illustrates the less frequent
approach, based on the use of a surface modifier that
bears a structure very close to that of the matrix, but
which has been appropriately modified so that its
macromolecules can react at the fibers’ surface.
Figure 8.7 shows SEM micrographs from the frac-
tured surface of PP reinforced with cellulose fibers

Figure 8.6 Orientation of individual fibers during processing: (a) initial random distribution, (b) rotation during

shear flow, and (c) alignment during elongational flow.
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[15]. With the untreated matrix (Fig. 8.7a), a poor
interfacial adhesion is clearly observed because of
the absence of any physical contact between the
fiber and the matrix. The micrograph in Fig. 8.7b
corresponds to fibers in contact with a maleic
anhydride polypropylene (MAPP) graft copolymer
(PP chains with pendant succinic acid moieties),
which shows a good wetting, with absence of holes
around the fibers. The mechanism of the reaction of
MAPP with cellulose fibers can be divided into two
steps (Fig. 8.8), the first being the activation of the
copolymer by heat before the fiber treatment and the
second, the esterification of cellulose. The fact of
generating covalent bonds across the interface
improved the adhesion between the matrix and the
fibers, and both the Young’s modulus and the tensile
strength were found to be higher than those obtained
with the untreated fibers [15].

It has also been found that moisture absorbance of
the natural fiber—polymer composite can be pre-
vented if the fiber—matrix adhesion is optimized
[15,24]. Indeed, whereas composites based on stan-
dard PP and cellulosic fibers displayed high water
content at the interface, due to the presence of
microcavities, the encapsulation of the fibers with
MAPP decreased the water sensitivity of the
composites in terms of both the water uptake and its
diffusion coefficient [25], as shown in Fig. 8.9.

8.6 Nanocomposites

As previously mentioned, natural fibers present
a multilevel organization and consist of several cells

(a)
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formed out of semicrystalline oriented cellulose
microfibrils. Each microfibril can be considered as
a string of cellulose crystallites, linked along the
chain axis by amorphous domains (Fig. 8.10) and
having a modulus close to the theoretical limit for
cellulose. They are biosynthesized by enzymes and
deposited in a continuous fashion. Nanoscale
dimensions and impressive mechanical properties
make polysaccharide nanocrystals, particularly when
occurring as high aspect ratio rod-like nanoparticles,
ideal candidates to improve the mechanical proper-
ties of the host material. These properties are profit-
ably exploited by Mother Nature.

The promise behind cellulose-derived nano-
composites lies in the fact that the axial Young’s
modulus of the basic cellulose crystalline nano-
crystal, derived from theoretical chemistry, is
potentially higher than that of steel and similar to that
of Kevlar. It was first experimentally studied in 1962
from the crystal deformation of cellulose I, using
highly oriented fibers of bleached ramie [26]. A value
of 137 GPa was reported, which differed from the
theoretical estimate of 167.5 GPa calculated by
Tashiro and Kobayashi [27]. The latter value is
thought to be higher because the calculations had
been carried out for low temperature. Force deflec-
tion data from the compression of cubes of potato
tissues were fed into a model containing two struc-
tural levels, the cell structure and the cell wall
structure [28], giving a maximum modulus value of
130 GPa. Eichhorn and Young [29] observed
a decrease of cellulose crystallites when their crys-
tallinity decreased. Recently, Raman spectroscopy
was used to measure the elastic modulus of native

(b)

Figure 8.7 Scanning electron micrographs of a freshly fractured surface of a PP film filled with 20 wt% of raw
untreated softwood fibers (a), and MAPP-coated softwood fibers (b). Reproduced with permission from Reference [24].
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Figure 8.8 Reaction mechanism involved during the
treatment of cellulose fibers with PP maleic anhy-
dride copolymer (MAPP): (a) activation of MAPP
(T'5/170 °C) before fiber treatment and (b) esterifica-
tion of cellulose.

cellulose crystals [30] and a value around 143 GPa
was reported. However, it is worth noting that these
measurements were made on epoxy/tunicin whiskers
composites.

Stable aqueous suspensions of polysaccharide
nanocrystals can be prepared by the acid hydrolysis
of vegetable biomass. Different descriptors of the
resulting colloidal suspended particles are used,
including whiskers, monocrystals, and nanocrystals.
The designation “whiskers” is used to describe
elongated rod-like nanoparticles. These crystallites
have also often been referred in the literature as
microfibrils, microcrystals, or microcrystallites,
despite their nanoscale dimensions. Most of the

Figure 8.9 (a) Water uptake
at equilibrium and (b) water

studies reported in the literature refer to cellulose
nanocrystals. A recent review described the proper-
ties and applications of cellulose whiskers in nano-
composites [31].

The procedure for the preparation of such
colloidal aqueous suspensions is described in detail
in the literature for cellulose and chitin [32,33].
The biomass is generally first submitted to
a bleaching treatment with NaOH in order to purify
cellulose or chitin by removing other constituents.
The bleached material is then disintegrated in
water, and the resulting suspension submitted to
acid hydrolysis. The amorphous regions of cellu-
lose or chitin act as structural defects and are
responsible for the transverse cleavage of the
microfibrils into short monocrystals by acid
hydrolysis. Under controlled conditions, this
transformation consists in the disruption of the
amorphous regions surrounding and embedded
within the cellulose or chitin microfibrils, while
leaving the microcrystalline segments intact;
because of the very large difference in the rate of
hydrolysis between the amorphous and the crys-
talline domains, the latter is obviously much more
resistant. The resulting suspension is subsequently
diluted with water and washed by successive
centrifugations. Dialysis against distilled water is
then performed to remove the free acid in the
dispersion. Complete dispersion of the whiskers is
obtained by a sonication step. The dispersions are
stored in a refrigerator after filtration to remove
residual aggregates and addition of several drops of
chloroform. This general procedure has to be
adapted in terms of the acid hydrolysis conditions,
such as time, temperature, and purity of materials
depending on the nature of the substrate and the
geometrical characteristics of the nanocrystals.

diffusion coefficient of PP/
Opuntia ficus-indica cladode
flour composites conditioned
at 98% RH versus filler
loading: untreated filler (d)
and MAPP-coated filler (s)
(the solid line serves to guide
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Figure 8.10 Schematic diagram showing the hierar-
chical structure of a semicrystalline cellulose fiber.

The constitutive cellulose or chitin nanocrystals
occur as elongated rod-like particles or whiskers. The
length is generally of the order of few hundred
nanometers and the width is of the order of a few
nanometers. The aspect ratio of these whiskers is
defined as the ratio of the length to the width. The
high axial ratio of the rods is important for the
determination of anisotropic phase formation and
reinforcing properties. Figure 8.11 shows a trans-
mission electron micrograph (TEM) obtained from
a dilute suspension of tunicin whiskers, that is
cellulose nanocrystals obtained from tunicate, a sea
animal. Their average length and diameter are around
1 mm and 15 nm, respectively, and their aspect ratio
was estimated to be around 67 [34].

Aqueous suspensions of starch nanocrystals can also
be prepared by the acid hydrolysis of starch granules in
aqueous medium using hydrochloric acid or sulfuric
acid at 35 °C. Residues from the hydrolysis are called
“lintners” and “nidgeli” or amylodextrin. The degra-
dation of native starch granules by acid hydrolysis
depends on many parameters, which include the
botanical origin of starch, namely crystalline type,
granule morphology (shape, size, surface state),
and the relative proportion of amylose and amylo-
pectin. It also depends on the acid hydrolysis condi-
tions, namely acid type, acid concentration, starch
concentration, temperature, hydrolysis duration, and
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Figure 8.11 TEM of a dilute suspension of tunicin.
Reproduced with permission from Reference [34].

stirring. A response surface methodology was used by
Angellier er al. [35] to investigate the effect of five
chosen factors on the selective sulfuric acid hydrolysis
of waxy maize starch granules in order to optimize the
preparation of aqueous suspensions of starch nano-
crystals. These predictors were temperature, acid
concentration, starch concentration, hydrolysis
duration, and stirring speed. The preparation of
aqueous suspensions of starch nanocrystals with a yield
of 15.7 wt%, was achieved after 5 days using 3.16 M
H,SO4 at 40 °C, 100 rpm and with a starch concen-
tration of 14.7 wt%.

Compared to cellulose or chitin, the morphology
of constitutive nanocrystals obtained from starch is
completely different. Figure 8.12 shows a TEM
obtained from a dilute suspension of waxy maize
starch nanocrystals. They consist of 5—7 nm thick
platelet-like particles with a length in the range of
20—40 nm and a width in the range of 15—30 nm.
The detailed investigation on the structure of these
platelet-like nanoparticles was reported [36].

Because of the high stability of aqueous poly-
saccharide nanocrystals dispersions, water is the
preferred processing medium. High level of disper-
sion of the filler within the host matrix in the
resulting composite is expected when processing
nanocomposites in an aqueous medium. Therefore,
this restricts the choice of the matrix to hydrosoluble
polymers. The use of aqueous dispersed polymers,
1.e. latexes, is a first alternative, which makes it
possible to employ hydrophobic polymers as
matrices and ensure a good dispersion level of the
filler, indispensable for homogenous composite pro-
cessing. The possibility of dispersing polysaccharide
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Figure 8.12 Transmission electron micrograph of
a dilute suspension of hydrolyzed waxy maize starch
(scale bar 50 nm). Reproduced with permission from
Reference [35].

nanocrystals in nonaqueous media is a second alter-
native, which opens other possibilities for nano-
composite processing.

The first demonstration of the reinforcing effect of
cellulose whiskers in a poly(St-co-BuA) matrix was
reported by Favier et al. [37]. The authors measured,
using DMA in the shear mode, a spectacular
improvement in the storage modulus after adding
tunicin whiskers, even at a low content, into the host
polymer. This increase was especially significant
above the glass—rubber transition temperature of the
thermoplastic matrix, because of its poor mechanical
properties in this temperature range. Figure 8.13
shows the isochronal evolution of the logarithm of
the relative storage shear modulus (log G9T/G9200,
where G9200 corresponds to the experimental value
measured at 200 K) at 1 Hz as a function of
temperature for such composites prepared by water
evaporation. In the rubbery state of the thermoplastic
matrix, the modulus of the composite with a loading
level as low as 6 wt% is more than two orders of
magnitude higher than that of the unfilled matrix.
Moreover, the introduction of 3 wt% or more cellu-
losic whiskers provides an outstanding thermal
stability to the matrix modulus up to the temperature
at which cellulose starts to degrade (500 K).

The macroscopic behavior of polysaccharide
nanocrystals-based nanocomposites depends, as for
any heterogeneous materials, on the specific behavior
of each phase, the composition (volume fraction
of each phase), the morphology (spatial arrange-
ment of the phases), and the interfacial properties.
The outstanding properties observed for these
systems were ascribed to a mechanical percolation
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Figure 8.13 Logarithm of the normalized storage
shear modulus (log G9T/G9200, where G9200 corre-
sponds to the experimental value measured at 200 K)
versus temperature at 1 Hz for tunicin whiskers rein-
forced poly(St-co-BuA) nanocomposite films, obtained
by water evaporation and filled with 0 (d), 1 (s), 3 (m),
6 (n), and 14 wt% (r) of cellulose whiskers.
Reproduced with permission from Reference [31].

phenomenon [37]. A good agreement between
experimental and predicted data was reported when
using the series—parallel model of Takayanagi,
modified to include a percolation approach. There-
fore, the mechanical performance of these systems
was not only the result of the high mechanical
properties of the reinforcing nanoparticles. It was
suspected that the stiffness of the material was due
to infinite aggregates of cellulose whiskers. Above
the percolation threshold, the cellulose nanoparticles
can connect to form a three-dimensional con-
tinuous pathway through the nanocomposite film.
For rod-like particles such as tunicin whiskers with
an aspect ratio of 67, the percolation threshold is
close to 1 vol%. The formation of this cellulose
network was supposed to result from strong interac-
tions, like hydrogen bonds, between whiskers. This
phenomenon is similar to the high mechanical
properties observed for a paper sheet, which result
from the hydrogen-bonding forces that hold the
percolating network of fibers. This mechanical
percolation effect explains both the high reinforcing
effect and the thermal stabilization of the composite
modulus for evaporated composite films.

Any factor that affects the formation of the perco-
lating whisker network, or interferes with it, changes
the mechanical performances of the composite [38].
Three main parameters were reported to affect the
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mechanical properties of such materials, namely the
morphology and dimensions of the nanoparticles,
the processing method, and the microstructure of the
matrix and matrix—filler interactions.

Apart from the mechanical performances, some
other properties are interesting and can be improved
by adding polysaccharide nanocrystals, for instance
swelling properties. It was shown that the water
uptake of tunicin whiskers/thermoplastic starch
nanocomposites decreased as a function of the filler
content [34]. For starch nanocrystals/natural rubber
nanocomposites, it was shown that both the toluene
uptake at equilibrium and its diffusion coefficient
decreased when adding starch nanocrystals [39].
The evolution of the diffusion coefficient of toluene
displayed a discontinuity around 10%, suggesting
a possible percolation effect of the starch
nanocrystals.

The barrier properties of starch nanocrystals/
natural rubber nanocomposites were also investi-
gated [39]. For these systems, the water vapor
transmission rate, the diffusion coefficient of oxygen,
the permeability coefficient of oxygen and its solu-
bility, were measured. It was observed that the
permeability to water vapor, as well as to oxygen,
decreased when starch nanocrystals were added.
These effects were ascribed to the platelet-like
morphology of the nanocrystals.

8.7 Conclusions

There is a growing trend to use lignocellulosic
fibers in applications for which synthetic fibers were
traditionally employed, which is ascribed to their
numerous well-known advantages. Present applica-
tions of natural fiber-filled composites are in the field
of energy and impact absorption, such as car fenders
and bicycle helmets. They also include markets that
target cheaper, renewable and nonrecyclable, or
biodegradable materials, such as packaging and
structural elements. Other uses of natural fiber-based
composites are deck surface boards, picnic tables,
industrial flooring, etc. In cars, about 10—15 kg of
these composites, typically made up of 50% natural
fibers and 50% PP, along with other additives, are
presently being used. Examples are door panels, roof
headliners, seat backs, rear decks, and trunk liners.

Another interesting property of natural fibers is
their hierarchical structure and the possibility to choose
the scale linked to the application. Polysaccharide
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nanocrystals are building blocks biosynthesized to
provide structural properties to living organisms. They
can be isolated from cellulose-containing materials
under strictly controlled conditions. Polysaccharide
nanocrystals are inherently low-cost materials, avail-
able from a variety of natural sources in a wide range of
aspect ratios. The corresponding polymer nano-
composites display outstanding mechanical properties
and can be used to process high modulus thin films.
Practical applications of such fillers and their transition
into industrial technology require a favorable ratio
between the expected performances of the composite
material and its cost.

In conclusion, this area is moving fast toward
novel outstanding composite materials based on
renewable resources in the form of both traditional
natural fibers and their nanomorphologies, but there
are still significant scientific and technological chal-
lenges to be met.
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9.1 Introduction

Tailoring new materials within a perspective of
eco-design or sustainable development is a philo-
sophy that is applied to more and more materials.
It is the reason why material components such
as biodegradable polymers can be considered as
“interesting”, environmentally safe, alternatives.
Besides, ecological concerns have resulted in
a resumed interest in renewable resources-based
products.

Figure 9.1 shows an attempt to classify the biode-
gradable polymers into two groups and four different

families. The main groups are (i) the agro-polymers
(polysaccharides, proteins, etc.) and (ii) the bio-
polyesters (biodegradable polyesters) such as poly-
lactic acid (PLA), polyhydroxyalkanoate (PHA), and
aromatic and aliphatic copolyesters [1]. Biodegrad-
able polymers show a large range of properties and
can now compete with nonbiodegradable thermo-
plastics in different fields (packaging, textile,
biomedical, etc.). Among these biopolyesters, PLA is
at present one of the most promising biodegradable
polymers. PLA has been the subject of an abundant
literature with several reviews and book chapters
[2—9], mainly during the last decade. PLA can be

Ebnesajjad: Handbook of Biopolymers and Biodegradable Plastics. http://dx.doi.org/10.1016/B978-1-4557-2834-3.00009-4
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Figure 9.1 Classification of the biodegradable polymers. Adapted from Reference [1]

processed with a large number of techniques. PLA is
commercially and largely available (large-scale
production) in a wide range of grades. It has
areasonable price and some remarkable properties to
fulfil different applications. For instance, the PLA
production capacity of NatureWorks (Cargill—PTT,
Thailand/US) in 2011 was around 150 kT per year, at
about €2 per kg. Recently, some new productions
have emerged such as Teijin (Japan), Zhejiang Hisun
(China), Futerro (Galactic—Total, Belgium), and
Purac (Netherland/Thailand). Some of them are
mainly focused on the biomedical market like
Boeringher Ingelheim (Germany) or Phusis (France),
because the constraints of this market are very
specific. However, according to different sources,
PLA consumption in 2010 was only about 113,000
tons per year according to the European Bioplastics
Association (http://en.european-bioplastics.org)
and, only around one-third of lactic acid is used for
PLA production. Thus, this polymer presents a high
potential for development.

PLA belongs to the family of aliphatic polyesters
commonly made from a-hydroxy acids, which also
includes, e.g., polyglycolic acid (PGA). It is one of the
few polymers in which the stereochemical structure
can easily be modified by polymerizing a controlled
mixture of L and D isomers (Fig. 9.2) to yield high
molecular weight and amorphous or semicrystalline
polymers. Properties can be modified through the
variation of both the isomers (L/D ratio) and the homo
and (p,L) copolymers relative contents. Besides, PLA
can be tailored by formulation involving adding
plasticizers, other polymers, fillers, etc.

PLA is considered both as biodegradable (e.g.,
adapted for short-term packaging) and as biocom-
patible in contact with living tissues (e.g., for
biomedical applications such as implants, sutures,
drug encapsulation, etc.). PLA can be degraded by
abiotic degradation (i.e., simple hydrolysis of the
ester bond without requiring the presence of enzymes
to catalyze it). During the biodegradation process,
and only in a second step, the enzymes degrade the
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Figure 9.2 Synthesis methods for obtaining high molecular weight PLA. Adapted from Reference [3]

residual oligomers till final mineralization (biotic
degradation).

As long as the basic monomers (lactic acid) are
produced from renewable resources (carbohydrates)
by fermentation, PLA complies with the rising
worldwide concept of sustainable development and is
classified as an environmentally friendly material.

9.2 Synthesis of PLA

The synthesis of PLA is a multistep process which
starts from the production of lactic acid and ends with
its polymerization [2—4,6—7]. An intermediate step
is often the formation of the lactide. Figure 9.2 shows
that the synthesis of PLA can follow three main
routes. Lactic acid is condensation polymerized to
yield a low-molecular-weight, brittle polymer, which,
for the most part, is unusable, unless external
coupling agents are employed to increase its chain
length. The second route is the azeotropic dehy-
drative condensation of lactic acid. It can yield high-
molecular-weight PLA without the use of chain
extenders or special adjuvants [3]. The third and main
process is ring-opening polymerization (ROP) of
lactide to obtain high-molecular-weight PLA,

patented by Cargill (US) in 1992 [8]. Finally, lactic
acid units can be part of a more complex macromo-
lecular architecture as in copolymers.

9.2.1 Precursors
9.2.1.1 Lactic Acid

Lactic acid is a compound that plays a key role
in several biochemical processes. For instance,
lactate is constantly produced and eliminated
during normal metabolism and physical exercise.
Lactic acid has been produced on an industrial
scale since the end of the nineteenth century and is
mainly used in the food industry to act, e.g., not
only as an acidity regulator, but also in cosmetics,
pharmaceuticals, and animal feed. It is, addition-
ally, the monomeric precursor of PLA. It can be
obtained either by carbohydrate fermentation or by
common chemical synthesis. Also known as “milk
acid,” lactic acid is the simplest hydroxyl acid
with an asymmetric carbon atom and two optically
active configurations, namely the L and D isomers
(Fig. 9.2), which can be produced in bacterial
systems, whereas mammalian organisms only
produce the L isomer, which is easily assimilated
during metabolism.
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Lactic acid is mainly prepared in large quantities
(estimated to more than 250 kT per year, in 2011) by
the bacterial fermentation of carbohydrates. These
fermentation processes can be classified according to
the type of bacteria used: (i) the hetero-fermentative
method, which produces less than 1.8 mol of lactic
acid per mole of hexose, with other metabolites in
significant quantities, such as acetic acid, ethanol,
glycerol, mannitol, and carbon dioxide; (ii) the
homo-fermentative method, which leads to greater
yields of lactic acid and lower levels of by-products,
and is mainly used in industrial processes [3]. The
conversion yield from glucose to lactic acid is more
than 90%.

The majority of the fermentation processes use
species of Lactobacilli which give high yields of lactic
acid. Some organisms predominantly produce the L
isomer, such as Lactobacilli amylophilus, L. bavar-
icus, L. casei, and L. maltaromicus, whereas, L. del-
brueckii, L. jensenii, and L. acidophilus produce the
D isomer or a mixture of L and b [3,4]. These different
bacteria are homofermentative. In general, the sources
of basic sugars are glucose and maltose from corn or
potato, and sucrose from cane or beet sugar, etc. In
addition to carbohydrates, other products, such as B
vitamins, amino acids, and different nucleotides, are
formed. The processing conditions are an acid pH
close to 6, a temperature around 40 °C, and a low
oxygen concentration. The major method of separa-
tion consists in adding CaCOs3, Ca(OH),, Mg(OH),,
NaOH, or NH4OH to neutralize the fermentation acid
and to give soluble lactate solutions, which are filtered
to remove both the cells (biomass) and the insoluble
products. The product is then evaporated, crystallized,
and acidified with sulfuric acid to obtain the crude
lactic acid. If the lactic acid is used in pharmaceutical
and food applications, it is further purified to remove
the residual by-products. If it is to be polymerized, it is
purified by separation techniques including ultrafil-
tration, nanofiltration, electrodialysis, and ion-
exchange processes.

-Lactide

9.2.1.2 Lactide

Figure 9.3 shows the different stereoforms of
lactide. The cyclic dimer of lactic acid combines two
of its molecules and gives rise to L-lactide or
LL-lactide, p-lactide or pp-lactide, and meso-lactide
or Lb-lactide (a molecule of L-lactic acid associated
with another one of p-lactic acid). A mixture of
L- and D-lactides is a racemic lactide (rac-lactide).
Lactide is usually obtained by the depolymerization
of low-molecular-weight PLA under reduced pres-
sure to give a mixture of L-, b-, and meso-lactides.
The different percentages of the lactide isomers
formed depend on the lactic acid isomer feedstock,
temperature, and the catalyst’s nature and content
[3,4]. A key point in most of the processes is the
separation between each stereoisomer to control the
final PLA structure (e.g., by vacuum distillation),
which is based on the boiling point differences
between the meso- and the L- or p-lactide.

9.2.2 PLA Polymerization

9.2.2.1 Lactic Acid Condensation
and Coupling

The condensation polymerization is the least
expensive route, but it is difficult to obtain high
molecular weights by this method. The use of
coupling or esterification-promoting agents is
required to increase chain length [3,4], but at the
expense of an increase in both cost and complexity
(multistep process). The role of chain coupling
agents is to react with either the hydroxyl (OH) or the
carboxyl end-groups of the PLA [3.,4,7], thus giving
telechelic polymers [10]. The nature of the chain end-
groups should be fully controlled [2,3]. The use of
chain-extending agents brings some advantages,
because reactions involving small amounts of them
are economical and can be carried out in the melt
without the need of separating the different process
steps. The tunability to design copolymers with
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various functional groups is also greatly expanded.
The disadvantages are that the final polymer may
contain unreacted chain-extending agents, oligomers,
and residual metallic impurities from the catalyst.
Moreover, some extending agents could be associ-
ated with a lack of biodegradability [2]. Examples of
chain-extending agents are anhydrides, epoxides, and
isocyanates [11]. Similar products are used to
develop compatibilization for PLA-based blends.
The disadvantages of using isocyanates as chain
extenders are their (eco)toxicity [3].

The advantages of esterification-promoting adju-
vants are that the final product is highly purified and
free from residual catalysts and/or oligomers. The
disadvantages are higher costs due to the number of
steps involved and the additional purification of the
residual by-products [3], since these additives
produce by-products that must be neutralized or
removed.

9.2.2.2 Azeotropic Dehydration
and Condensation

The azeotropic condensation polymerization is
a method used to obtain high chain lengths without
the use of chain extenders or adjuvants and their
associated drawbacks. Mitsui Chemicals (Japan) has
commercialized a process wherein lactic acid and
a catalyst are azeotropically dehydrated in a reflux-
ing, high boiling, aprotic solvent under reduced
pressures to obtain high-molecular-weight PLA (M,,
300,000) [2,3]. A general procedure consists in the
reduced pressure distillation of lactic acid for 2—3 h
at 130 °C to remove most of the condensation water.
The catalyst and diphenyl ether are then added and
a tube packed with molecular sieves is attached to the
reaction vessel. The refluxing solvent is returned to
the vessel by way of the molecular sieves during
30—40 h at 130 °C. Finally, the ensuing PLA is
purified [12].

This polymerization gives considerable catalyst
residues because of its high concentration needed to
reach an adequate reaction rate. This can cause many
drawbacks during processing, such as degradation
and hydrolysis. For most biomedical applications, the
catalyst toxicity is a highly sensitive issue. The
catalyst can be deactivated by the addition of phos-
phoric acid or can be precipitated and filtered out by
the addition of strong acids such as sulfuric acid.
Thus, residual catalyst contents can be reduced to
some ppm [3].

9.2.2.3 ROP of Lactide

The lactide method is the only method for
producing pure high-molecular-weight PLA (My
100,000) [4,6,7,13]. The ROP of lactide was first
demonstrated by Carothers in 1932 [14], but high
molecular weights were not obtained until improved
lactide purification techniques were developed by
DuPont in 1954 [2]. This polymerization has been
successfully carried out calling upon various
methods, such as solution, bulk, melt, or suspension
process. The mechanism involved in ROP can be
ionic (anionic or cationic) or coordination—insertion,
depending on the catalytic system [4,6,7,13]. The
role of the racemization and the extent of trans-
esterification in the homo or copolymerization are
also decisive for the enantiomeric purity
and chain architecture of the resulting
macromolecules.

It has been found that trifluoromethane sulfonic
acid and its methyl ester are the only cationic initi-
ators known to polymerize lactide [15], and the
mechanism of this process has been outlined in
different papers [2,3,15].

Lactide anionic polymerizations proceed by the
nucleophilic reaction of the anion with the
carbonyl group and the subsequent acyl—oxygen
bond cleavage, which produces an alkoxide end-
group, which continues to propagate. The general
mechanism for this anionic polymerization has
been discussed in various publications [2,3,15,16].
Some authors [16] have shown that the use of
alkoxides, such as potassium methoxide, can yield
well-defined polymers with negligible
racemization.

Both the anionic and cationic ROPs are usually
carried out in highly purified solvents, and although
they show a high reactivity, they are susceptible to
give racemization, transesterification, and high
impurity levels. For industrial and large commercial
use, it is preferable to do bulk and melt polymeri-
zation with low levels of nontoxic catalysts. The use
of less-reactive metal carboxylates, oxides, and
alkoxides has been extensively studied in this
context, and it has been found that high-molecular-
weight PLA can be readily obtained in the presence
of transition metal compounds of tin [6,7,13], zinc
[17,18], iron [19], and aluminum [20], among
others. A systematic investigation has led to the
wide use of tin compounds, namely tin(II) bis-2-
ethylhexanoic acid (stannous octoate) as a catalyst
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in PLA synthesis. This is mainly due to its high
catalytic efficiency, low toxicity, food and drug
contact approval, and ability to give high molecular
weights with low racemization [15]. The mecha-
nisms of the polymerization with stannous octoate
have been studied in detail, and it is now widely
accepted that this ROP is actually initiated from
compounds containing hydroxyl groups, such as
water and alcohols, which are either present in the
lactide feed or can be added upon demand.
Figure 9.4 shows that the global mechanism is of the
“coordination—insertion” type [21], occurring in
two steps. First, a complex between monomer and
initiator is formed followed by a rearrangement of
the covalent bonds. Second, the monomer is
inserted within the oxygen—metal bond of the
initiator, and its cyclic structure is thus opened
through the cleavage of the acyl—oxygen link, thus,
the metal is incorporated with an alkoxide bond
into the propagating chain. It was found that the
polymerization yield and the transesterification
effect are affected by different parameters, such as
the polymerization temperature and time, the
monomer/catalyst ratio, and the type of catalyst.
The interaction between the time and temperature
is very significant in terms of limiting the degra-
dation reactions, which affect the molecular weight
and the reaction kinetics [22]. It has also been
shown that the chain length is directly controlled
by the amount of OH impurities [23].

To make an economically viable PLA, Jacobsen
et al. [21] developed a continuous one-stage process
based on reactive extrusion with a twin-screw
extruder. This technique requires that the bulk
polymerization be close to completion within a very
short time (5—7 min), which is predetermined by the
residence time in the extruder. These authors
showed that the addition of an equimolar content of
a Lewis base, particularly triphenyl-phosphine, to
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stannous octoate increased the lactide polymeriza-
tion rate.

9.2.3 Copolymers Based on Lactic
Acid Units

A large number of macromolecular architectures
of copolymers based on lactic acid have been
investigated [7,13]. Most of them are biodegradable
or/and biocompatible. These copolymers can be
prepared by using units containing a specific func-
tionalized structure, thus giving rise to complex
structure with unique properties. Examples of these
materials are branched polyesters and graft copol-
ymers (star, hyper-branched polymers) which
involve different macromolecular architectures
associated with novel materials properties and
applications.

9.2.3.1 Ring-Opening Copolymerization

Several heterocyclic monomers can be used as
comonomers with lactic acid in ring-opening
copolymerizations—the most commonly used being
glycolide (GA) for biomedical applications [24],
caprolactone (CL), and valerolactone. The como-
nomer units can be inserted randomly or in block
sequences.

9.2.3.2 Modification by High Energy
Radiation and Peroxides

Radical reactions applied to PLA to modify
its structure have been generated by peroxides or
high energy radiation [7]. Branching has been
suggested to be the dominant structural change in
poly(r-lactide) (PLLA) with peroxide concent-
rations in the range of 0.1—0.25 wt% and cross-
linking above 0.25 wt% [7]. The peroxide

(? 0]

JL H3O0*
HROfoCI)HfO ICH—OfMXn? RO quHfo H
n

CHg CHg CHs ’m

Figure 9.4 Coordination—insertion polymerization mechanism.
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melt-reaction with PLA has been found to cause
strong modifications of the original PLA properties.
A similar approach was recently developed
with starch-based blends without any major impro-
vement in their mechanical properties [25]. Irradi-
ation of PLA causes mainly chain-scissions or
cross-linking reactions, depending on the radiation
intensity [26].

9.2.3.3 Graft Copolymerization

Graft copolymers are often used as compatibilizers
to improve the interfacial properties of blends or
multiphase systems. Grafting reactions on a trunk
polymer can be induced chemically, by plasma
discharge, or by radiation (UV, X-rays or accelerated
electrons)—the latter approach giving purer products
at high conversions. Plasma-induced grafting is
performed by introducing an organic vapor into the
plasma of inorganic gases to modify the surface prop-
erties of a substrate. Depending on the penetration
depth of the irradiation, grafting can be performed
either at the surface, or both on the skin and in the
bulk [7].

The chemical modification of lactic acid-based
polymers by graft copolymerization has been repor-
ted for the homopolymer of L-lactide and for copol-
ymers with different L-lactide/CL contents [7,13].
Carbohydrate polymers (e.g., amylose) can be
modified by grafting lactic acid chains on their OH
groups. A recent study [25] showed the interest of
such a copolymer as a compatibilizer to improve the
properties of starch/PLA blends to a better extent
than the addition of peroxides or coupling agents
(e.g., di-isocyanate) into the melt blend during the
processing. Figure 9.5 shows the different steps
involved in this grafting operation. After amylose
purification to eliminate residual butanol and water,
amylose-graft-PLA is obtained by the ROP of
purified lactide with tin(Il) bis(2-ethylhexanoate) in
toluene at 100 °C for 20 h.

9.3 PLA Properties

9.3.1 Crystallinity and Thermal
Properties
The properties of PLA, as indeed those of other

polymers, depend on its molecular characteristics, as
well as on the presence of ordered structures, such as

crystalline thickness, crystallinity, spherulite size,
morphology, and degree of chain orientation. The
physical properties of polylactide are related to
the enantiomeric purity of the lactic acid stereo-
copolymers. Homo-PLA is a linear macromolecule
with a molecular architecture that is determined by
its stereochemical composition. PLA can be
produced as totally amorphous or with up to 40%
crystallinity. PLA resins containing more than
around 93% of L-lactic acid are mainly semi-
crystalline. Both meso- and p-lactides induce twists
in the very regular PLLA architecture. Macromo-
lecular imperfections are responsible for the decrease
in both the rate and the extent of PLLA crystalliza-
tion. In practice, most PLAs are made up of L-and
p,L-lactide copolymers, since the reaction media
often contain some meso-lactide impurities.

Table 9.1 gives the details of the different
crystalline structures for neat PLA. Depending on the
preparation conditions, PLLA crystallizes in
different forms. The a-form exhibits a well-defined
diffraction pattern [27]. This structure, with a melting
temperature of 185 °C, is more stable than its 3
counterpart, which melts at 175 °C [27]. The latter
form can be prepared at a high draw ratio and a high
drawing temperature [28]. The y-form is formed by
epitaxial crystallization [29]. It has been observed
that a blend with equivalent poly(L-lactide) PLLA
and poly(p-lactide) PDLA contents gives stereo-
complexation (racemic crystallite) of both polymers.
This stereocomplex has higher mechanical properties
than those of both PLAs and a higher melting
temperature of 230 °C. The literature reports
different density data [4] for PLA, with most values
for the crystalline polymer around 1.29 compared
with 1.25 for the amorphous material.

The crystallization kinetics of PLA have been
extensively studied and found to be rather slow, as in
the case of poly(ethylene terephthalate) (PET). The
rate of crystallization increases with a decrease in the
molecular weight and is strongly dependent on
the (co)polymer composition [4]. PLLA can crys-
tallize in the presence of p-lactide [30]; however, as
the structure becomes more disordered, the rate of
crystallization decreases. It has been reported that
the crystallization rate is essentially determined by
the decrease in the melting point of the different
copolymers. PDLA/PLLA stereocomplexes are very
efficient nucleating agents for PLLA, with increases
in both crystallization rate and crystallinity, the latter
of up to 60% [31]. Quenching decreases the time
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Figure 9.5 Mechanism of the ROP synthesis of amylose-graft PLA.

taken for crystallization [30]. As PET, PLA can be
oriented by processing, and the chain orientation
increases the mechanical strength of the polymer.
If orientation is performed at low temperature, the
resulting PLLA has a higher modulus without any
significant increase in crystallinity. To determine
the crystallinity levels by differential scanning
calorimetry (DSC), the value most often referred to
in the literature concerning the PLA melt
enthalpy at 100% crystallinity is 93 J g_1 [7,8,9,32].
The crystallization of the thermally crystallizable,
but amorphous, PLA can be initiated by annealing
it at temperatures between 75 °C and the melting
point. Annealing crystallizable PLA copolymers
often produces two melting peaks [32] and different
hypotheses have been put forward to explain
this feature. Yasuniwa et al. [33] found a double
melting point in PLLA polymers and attributed
them to slow rates of crystallization and
recrystallization.

The typical PLA glass transition temperature (7)
ranges from 50 °C to 80 °C, whereas its melting
temperature ranges from 130 °C to 180 °C. For
instance, enantiomerically pure PLA is a semi-
crystalline polymer with a T, of 55 °C and a T}, of
180 °C. For semicrystalline PLA, the Ty, is a function
of the different processing parameters and the initial
PLA structure. According to Ikada and Tsuji [30], 7,
increases with increasing molecular weight (My,) to
an asymptotic value, but the actual crystallinity
decreases with increasing M. T, moreover,
decreases with the presence of meso-lactide units in
its structure [4]. Both, the degree of crystallinity and
the melting temperature of PLA-based materials can
be reduced by random copolymerization with
different comonomers (e.g., GA, CL, or
valerolactone).

The T, of PLA is also determined by the propor-
tion of the different types of lactide in its macro-
molecular chain.



Table 9.1 PLA Crystalline Structures. Unit Cell Parameters for Nonblended PLLA and Stereocomplex Crystals

Number

Space Chain Helices/ | Helical

Group Orientation | Unit Cell | Conformation | a(nm) | b(nm) | ¢ (nm) | « (degrees) | B (degrees) | y (degrees)
PLLA Pseudo- — 2 103 1.07 0.645 | 2.78 90 90 90
form orthorhombic
PLLA Pseudo- — 2 103 1.07 0.62 2.88 90 90 90
form orthorhombic
PLLA Orthorhombic | Parallel 2 103 1.05 0.61 — 90 90 90
form
PLLA Orthorhombic | — 6 31 1.031 1.821 0.90 90 90 90
form
PLLA Trigonal Random 3 31 1.052 | 1.052 | 0.88 90 90 120
form up-down
PLLA Orthorombic | Antiparallel 2 31 0.995 | 0.625 | 0.88 90 90 90
form
Stereo Triclinic Parallel 2 31 0.916 | 0.916 | 0.870 109.2 109.2 109.8
complex

Source: Adapted from Reference [8]
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9.3.2 Surface Energy

Surface energy is critically important to many
processes (printing, multilayering, etc.) and it influ-
ences the interfacial tension. The surface energy of
a PLA made up of 92% 1L-lactide and 8% meso-lac-
tide was found to be 49 mJ m™2, with dispersive and
polar components of 37 and 11 mJ m 2, respectively
[34], which suggests a relatively hydrophobic struc-
ture compared with that of other biopolyesters.

9.3.3 Solubility

A good solvent for PLA and for most of the cor-
responding copolymers is chloroform. Other solvents
are chlorinated or fluorinated organic compounds,
dioxane, dioxolane, and furan. Poly(rac-lactide) and
poly(meso-lactide) are soluble in many other organic
solvents like acetone, pyridine, ethyl lactate, tetra-
hydrofuran, xylene, ethyl acetate, dimethylforma-
mide, and methyl ethyl ketone. Among nonsolvents,
the most relative compounds are water, alcohols (e.g.,
methanol and ethanol), and alkanes (e.g., hexane and
heptane) [7].

9.3.4 Barrier Properties

Because PLA finds a lot of applications in food
packaging, its barrier properties (mainly to carbon
dioxide, oxygen, and water vapor) have been
largely investigated [4]. The CO, permeability
coefficients for PLA polymers are lower than those
reported for crystalline polystyrene at 25 °C and
0% relative humidity (RH) and higher than those
for PET. Since diffusion takes place through the
amorphous regions of a polymer, an increase in the
extent of crystallization will inevitably result in
a decrease in permeability. Figure 9.6 shows the
oxygen permeability for poly(98% L-lactide) films
as a function of the water activity. A significant
increase in the oxygen permeability coefficient is
shown as the temperature is increased, but its
decrease with water activity at temperatures close
to T, and its stabilization at temperatures well
below Ty are clearly visible. PET and PLA are both
hydrophobic and the corresponding films absorb
very low amounts of water, showing similar barrier
properties, as indicated by the values of their water
vapor permeability coefficient determined from
10 °C to 37.8 °C in the range of 40—90% RH.
Auras et al. [4] have shown that the permeability
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Figure 9.6 Oxygen permeability versus water
activity at different temperatures, for poly(98%
L-lactide) films. Source: Reference [4].

for 98% L-lactide polymers is almost constant over
the range studied, despite PLA being a rather polar
polymer [4].

9.3.5 Mechanical Properties

9.3.5.1 Solid State

The mechanical properties of PLA can vary to
a large extent, ranging from soft and elastic
materials to stiff and high strength materials,
according to different parameters, such as crystal-
linity, polymer structure and molecular weight,
material formulation (plasticizers, blend, compos-
ites, etc.), and processing (e.g., orientation). For
instance, commercial PLA, such as poly(92%
L-lactide, 8% meso-lactide), has a modulus of 2.1
GPa and an elongation at break of 9%. After
plasticization, its Young’s modulus decreases to 0.7
MPa and the elongation at break rises to 200%,
with a corresponding T shift from 58 °C to 18 °C
[32]. This example indicates that mechanical
properties can be readily tuned to satisfy different
applications.

The mechanical properties of PLA-related poly-
mers were recently reviewed by Sodergard and Stolt
[7], who showed, among other features, that the
PLLA fiber modulus can be increased from 7—9 GPa
to 10—16 GPa by going from melt to solution spin-
ning. The mechanical behavior can also be modified
by preparing suitable copolymers, as in the case of
the use of CL, which, with its soft segments, induces
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Figure 9.7 Zero-shear viscosity versus molecular
weight for different /b ratios (%). Adapted from
Reference [35].

a decrease in modulus and an increase in the elon-
gation at break, respectively.

9.3.5.2 Molten Behavior

For processing and for the corresponding appli-
cations, the knowledge of PLA melt rheology is of
particular interest. A power law equation has been
applied successfully by, e.g., Schwach and Averous
[34]. The pseudoplastic index is in the range
0.2—0.3, depending on the PLA structure. For
instance, poly(92% L-lactide, 8% meso-lactide)
displays a pseudoplastic index of 0.23. Figure 9.7,
based on data published by Dorgan et al. [35],
shows the evolution of the zero-shear viscosity
versus molecular weight (My,) for a wide range of
L/D ratios (%), the latter parameter having virtually
no effect. Static and dynamic characterizations have
shown that the molecular weight between entan-
glements is around 10*. Some other studies sug-
gested that chain branching and molecular weight
distribution have a significant effect on the melt
viscosity of PLA [5].

9.4 Degradation
9.4.1 Abiotic Degradation

The main abiotic phenomena involve thermal and
hydrolysis degradations during the life cycle of the
material.

9.4.1.1 Thermal Degradation

The thermal stability of biopolyesters is not
significantly high—a fact that inevitably limits their
range of applications. The PLA decomposition
temperature lies between 230 °C and 260 °C. Gupta
and Deshmukh [36] concluded that the carbonyl
carbon—oxygen linkage is the most likely bond to
split under isothermal heating, as suggested by the fact
that a significantly larger amount of carboxylic acid
end-groups were found compared with hydroxyl
end-groups. The reactions involved in the thermal
degradation of lactic acid-based polymers can follow
different mechanisms [7], such as thermohydrolysis,
zipper-like depolymerization [36] in the presence
of catalyst residues, thermo-oxidative degradation
[37,38], and transesterification reactions, which give
simultaneous bond breaking and bond making.

9.4.1.2 Hydrolytic Degradation

PLA hydrolysis is an important phenomenon since
it leads to chain fragmentation [4,7,39], and can be
associated with thermal or biotic degradation. This
process can be affected by various parameters such as
the PLA structure, its molecular weight and distri-
bution, its morphology (crystallinity), the shape of its
samples and its thermal and mechanical history
(including processing), as well as, of course, the
hydrolysis conditions. Hydrolytic degradation is
a phenomenon that can be both desirable (e.g., during
the composting stage) and undesirable (e.g., during
processing or storage). The hydrolysis of aliphatic
polyesters starts with a water uptake phase, followed
by hydrolytic splitting of the ester bonds in a random
way. The amorphous parts of the polyesters have
been known to undergo hydrolysis before their
crystalline regions because of a higher rate of water
uptake. The initial stage is therefore located at the
amorphous regions, giving the remaining non-
degraded chains more space and mobility, which
leads to their reorganization and hence an increased
crystallinity. In the second stage, the hydrolytic
degradation of the crystalline regions of the polyester
leads to an increased rate of mass loss and finally to
complete resorbtion [40]. The PLA degradation in an
aqueous medium has been reported by Li et al. [40]
to proceed more rapidly in the core of the sample.
The explanation for this specific behavior is an
autocatalytic effect due to the increasing amount of
compounds containing carboxylic end-groups. These
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low-molar-mass compounds are not able to permeate
the outer shell. The degradation products in the
surface layer are instead continuously dissolved in
the surrounding buffer solution [40]. As expected,
temperature plays a significant role in accelerating
this type of degradation.

9.4.2 Biotic Degradation

The biodegradation of aliphatic biopolyesters has
been widely reported in the literature [5,7,39]. The
biodegradation of lactic acid-based polymers for
medical applications has been investigated in
a number of studies in vivo [41] and some reports can
also be found on their degradation in other biological
systems [42]. The in vivo and in vitro degradations
have been evaluated for PLA-based surgical implants
[41]. In vitro studies have shown that the pH of the
solution plays a key role in the degradation and that
this analysis can be a useful predicting tool for in vivo
PLA degradation [4]. Enzymes, such as proteinase K
and pronase, have been used to bring about the in vivo
PLA hydrolysis, although enzymes are unable to
diffuse through the crystalline parts. As expected,
little enzymatic degradation occurs at the beginning
of the process, but pores and fragmentation are
produced, widening the accessible area to the
different enzymes.

Figure 9.8 shows that during the composting
stage, PLA degrades in a multistep process with
different mechanisms [39]. Primarily, after exposure

to moisture by abiotic mechanisms, PLA degrades
by hydrolysis. First, random nonenzymatic chain-
scissions of the ester groups lead to a reduction in
molecular weight, with the consequent embrittlement
of the polymer. This step can be accelerated by acids
or bases and is affected by both temperature and
moisture levels [3]. Then, the ensuing PLA oligomers
can diffuse out of the bulk polymer and be attacked
by microorganisms. The biotic degradation of these
residues produces carbon dioxide, water, and humus
(mineralization).

Studies on PLA-based multiphase materials have
been carried out. Gattin et al. [43] have found that the
physical and morphological properties of the blend
play an important role in its degradation behavior, as
in the case of their comparative study of the degra-
dation of PLA with and without plasticized starch
materials [43]. These authors reported that the nature
of the degradation strongly depends on the experi-
mental biodegradation conditions. Sinha Ray et al.
[44] prepared PLA nano-biocomposites filled with
montmorillonite, and studied and characterized their
biodegradability.

9.5 Processing
9.5.1 Multiphase Materials

The extrusion of PLA-based materials is generally
linked with another processing step such as ther-
moforming, injection molding, fiber drawing, film
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blowing, bottle blowing, and extrusion coating. The
properties of the polymer will therefore depend on
the specific conditions during the processing steps
(e.g., the thermomechanical input). The main
parameters during the melt processing are tempera-
ture, residence time, moisture content, and atmo-
sphere [1]. But the major problem in the
manufacturing of PLA-based products is the limited
thermal stability during the melt processing. To
overcome such a drawback or to give PLA new
properties, a large number of multiphase materials
have been developed, mainly by mixing PLA with
others products.

9.5.1.1 Plasticization

The brittleness and stiffness of PLA can be major
drawbacks for some applications. According to
Ljungberg et al. [45], any factor influencing PLA
crystallinity, such as the isomer ratio, could disturb
the distribution and compatibility of plasticizers with
PLA and induce low efficiency and phase separation.

Lactide monomer is an effective plasticizer for
PLA, but presents high migration due to its small
molecular size. Oligomeric lactic acid (OLA) seems
to be a better answer, since it shows low migration
and high efficiency [32]. For instance, adding 20 wt%
of OLA into poly(92% L-lactide, 8% meso-lactide)
induces T, and modulus decreases of 20 °C and 63%,
respectively. A significant improvement of PLA
(mainly PLLA) flexibility is accomplished by the
incorporation of different types of citrates [45—48] or
maleates [49] whose efficiency was evaluated in
terms of 7, shift and mechanical properties
improvement [32]. These plasticizers are miscible
with PLA up to ~ 25 wt%, but increasing the plasti-
cizer content can raise the PLA crystallinity by
enhancing chain mobility [32]. Low-molecular-
weight polyethylene glycol (PEG) [32], poly-
propylene glycol, and fatty acid are also compatible
with PLA and can act as plasticizers [5].

9.5.1.2 Blends and Compatibilization

A great number of articles has been published
during the last few decades on PLA-based blends
[4,5,8,32], including starch/PLA blends, which allow
reducing the material cost without sacrificing its
biodegradability and maintaining certain mechanical
and thermal properties. Native starch, which is

composed of semicrystalline granules, can be phys-
ically blended with PLA, but remains in a separate
conglomerate form in the PLA matrix [50]. Thus,
starch is typically characterized as a solid filler with
poor adhesion with PLA. Such biocomposites are
used as a model to test (e.g., carbohydrate—PLA
compatibilization [51]). Most of the studies that are
focused on the production of starchy blends are based
on plasticized starch, the so-called thermoplastic
starch. Such a processable material is obtained by the
disruption of the granular starch and the trans-
formation of its semicrystalline granules into
a homogeneous, rather amorphous material with the
destruction of hydrogen bonds between the macro-
molecules. Disruption can be accomplished by
casting (e.g., with dry drums) or by applying ther-
momechanical energy in a continuous process. The
combination of thermal and mechanical inputs can be
obtained by extrusion. After the processing, a homo-
geneous material is obtained [1,32]. A dependence of
the PLA glass transition temperature on the blend
composition was observed by DSC and DMA, indi-
cating a small degree of compatibility between the
blend components [32]. However, the mechanical
characteristics of the blends were modest. The blend
morphology (discontinuous versus co-continuous)
has been investigated by Schwach and Averous [34]
by microscopic observations. The full co-continuity
is obtained in the domain of 60—80% in volume of
PLA. Despite the interest in developing plasticized
starch/PLA materials, some limitations, due to the
lack of affinity between the respective constituents,
seem difficult to overcome. This low compatibility is
mainly due to the PLA hydrophobic character.

To improve the affinity between the phases,
compatibilization strategies are generally developed.
This implies the addition of a compound, the com-
patibilizer, which can be obtained by the modifica-
tion of at least one of the polymers initially present in
the blend. For PLA/starch compatibilization, the
literature proposes different approaches, which can
be classified in four groups [1,25]: (i) the
functionalization of PLA with, e.g., maleic anhydride
[51]; (ii) the functionalization of starch with, e.g.,
urethane functions [25]; (iii) the starch—polyester
cross-linking with a coupling agent such as
a peroxide [25]; and (iv) the use of copolymers, e.g.,
starch-graft PLA [25], following the mechanism
discussed above and illustrated in Fig. 9.5, for which
the length of the grafts can be controlled to obtain
a comb structure [52].
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It is known that PLA forms miscible blends with
polymers such as PEG [53]. PLA and PEG are
miscible with each other when the PLA fraction is
below 50% [53]. The PLA/PEG blend consists of two
semimiscible crystalline phases dispersed in an
amorphous PLA matrix. PHB/PLA blends are
miscible over the whole range of composition. The
elastic modulus, stress at yield, and stress at break
decrease, whereas the elongation at break increases,
with increasing polyhydroxybutyrate (PHB) content
[54]. Both PLA/PGA and PLA/PCL blends give
immiscible components [55], the Ilatter being
susceptible to compatibilization with P(LA-co-CL)
copolymers or other coupling agents.

9.5.1.3 Multilayers

Developing compostable and low cost multilayer
materials based, for instance, on plasticized starch
and PLA is interesting in more than one sense.
Martin et al. [56] carried out several studies on such
a system and showed that the basic requisites for the
preparation of multilayered products are to obtain
sufficient adhesion between the Ilayers, good
moisture barrier properties, and a uniform layer
thickness distribution. Two different techniques
were used to prepare the multilayers, namely
coextrusion and compression molding. Peel strength
was controlled by the compatibility between plas-
ticized starch and PLA, which stayed low without
compatibilizer. It was possible to increase the
adhesion properties of the film by up to 50% (e.g.,
by blending low polyester contents into the starchy
core layer). There exist some inherent problems due
to the multilayer flow conditions encountered in
coextrusion, such as encapsulation and interfacial
instability phenomena [57]. Addressing these
problems is a crucial issue, since they can be
detrimental to the product, affecting its quality and
functionality.

9.5.1.4 Biocomposites and Nano-
Biocomposites

Different types of fillers have been tested with
PLA, such as calcium phosphate or talc [58], which
show an increase in its mechanical properties. Con-
cerning inorganic fillers, the greatest reinforcing
effect is obtained with whiskers of potassium titanate
and aluminium borate with a high aspect ratio.

Carbon or glass fibers [59] improve the mechanical
properties, particularly with fiber surface treatments
capable of inducing strong interactions with PLA
matrix. Different organic fillers can be associated
with PLA. Biocomposites with improved mechanical
properties are obtained by the association of ligno-
cellulose fillers, such as paper-waste fibers and wood
flour, with PLA by extrusion and compression
molding.

A significant and increasing number of papers
have been published during the last 5 years on nano-
biocomposites (i.e., nanocomposites based on
a biodegradable matrix). Polylactide/layered silicate
nanocomposites were largely investigated by Sinha
Ray et al. [60,61] and other authors [62,63]. They
successfully prepared a series of biodegradable PLA
nano-biocomposites using mainly melt extrusion of
PLA, principally with modified montmorillonites
(O-MMT), targeting nanofillers exfoliation into the
matrix. Because of the interactions between the
organo-clay particles, which present large surface
area (several hundreds ng_l), and the PLA matrix,
the nano-biocomposites dislayed improved proper-
ties, such as mechanical moduli, thermal stability,
crystallization behavior, gas barrier, and biodegrad-
ability. The preparation of biodegradable nano-
cellular polymeric foams via nanocomposites
technology based on PLA and layered silicate has
been reported by different authors [61,64] who used
supercritical carbon dioxide as a foaming agent, with
the silicate acting as nucleating site for cell forma-
tion. Cellular PLA structures can also be obtained by
producing a co-continuous structure and extracting
the coproducts [65].

9.6 Applications

At present, PLA-based materials are mainly
referenced on different markets such as biomedical
(initial market), textile, and packaging (mainly food,
i.e., short-term applications). For instance, reported
types of manufactured products are blow-molded
bottles, injection-molded cups, spoons and forks,
thermoformed cups and trays, paper coatings, fibers
for the textile industry, and sutures, films, and various
molded articles [8].

9.6.1 Biomedical Applications

PLA has been widely studied for use in medical
applications because of its bioresorbability and
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biocompatible properties in the human body. The main
reported examples on medical or biomedical products
are fracture fixation devices like screws, sutures,
delivery systems, and microtitration plates [8].

PLA-based materials are developed for the
production of screws and plates. As the bone healing
progresses, it is desirable that the bone is subjected to
a gradual increase in stress, thus reducing the stress-
shielding effect. This is possible only if the plate
loses rigidity in in vivo environment. To meet this
need, researchers introduced resorbable polymers for
bone plate applications. PLA resorbs or degrades
upon implantation into the body, but most of its
mechanical properties are lost within a few weeks
[41]. Tormala et al. [66] proposed fully resorbable
composites by reinforcing matrices with resorbable
PLLA fibers and calcium phosphate-based glass
fibers. One of the advantages often quoted for
resorbable composite prostheses is that they do not
need to be removed with a second operative proce-
dure, as with metallic or nonresorbable composite
implants. To improve the mechanical properties,
PLA is reinforced with variety of nonresorbable
materials, including carbon and polyamide fibers.
Carbon fiber/PLA composites possess very high
mechanical properties before their implantation, but
they lose them too rapidly in vivo because of
delamination. The long-term effects of resorbed
products and biostable or slowly eroding fibers in the
living tissues are not fully known, and are concerns
yet to be resolved [41].

Although PLA fibers are used in different textile
applications as, e.g., nonwoven textile for clothes,
they achieved their first commercial success as
resorbable sutures. One of the first commercially
available fiber-formed bioresorbable medical product
is based on copolymers of GA in combination with L-
lactide (Vicryl) [67]. Fibers can be produced both by
solvent and by melt-spinning processes, and are
drawn under different conditions to orient the
macromolecules [7].

Micro- and nanoparticles are an important cate-
gory of delivery systems used in medicine, and the
use of PLA is interesting due to its hydrolytic
degradability and low toxicity. The most important
properties of the micro- and nanoparticles are the
drug release rate and the matrix degradation rate,
which are affected by the particle design and the
material properties [7]. Copolymers of GA and rac-
lactide [5] seem to be the most suitable combinations
for use as drug delivery matrices.

Porous PLA scaffolds have been found to be
potential reconstruction matrices for damaged tissues
and organs. There are several techniques reported for
the manufacturing of such materials [7].

9.6.2 Packaging Applications

Commercially available PLA packaging can
provide better mechanical properties than poly-
styrene and have properties more or less comparable
to those of PET [4,8,9]. Market studies show that
PLA is an economically feasible material for pack-
aging. With its current consumption, it is at the
present the most important market in volume for
biodegradable packaging [4,8,9]. Due to its high
cost, the initial use of PLA as a packaging material
has been in high value films, rigid thermoforms,
food and beverage containers, and coated papers.
One of the first companies to use PLA as a pack-
aging material was Danone (France) in yoghurt cups
for the German market at the end of the 1990s. But
the production of these cups was rapidly stopped.
In 2011, Danone launched new yoghurt cups for
German market, 100% compostable, with a bigger
success. During the last decade, the use of PLA as
a packaging material has increased all across
Europe, Japan, and the United States, mainly in the
area of fresh products, where PLA is being used as
a food packaging for short shelf-life products, such
as fruit and vegetables. Package applications include
containers, drinking cups, sundae and salad cups,
wrappings for sweets, lamination films, blister
packages, and water bottles [9]. Currently, PLA is
used in compostable yard bags to promote national
or regional composting programs. In addition, new
applications such as cardboard or paper coatings are
being pursued, e.g., for the fast-food market (cups,
plates, and the like) [9]. However, to cater for
a larger market, some PLA drawbacks must be
overcome, such as its limited mechanical and barrier
properties and heat resistance, and, in order to meet
market expectations, the world production of PLA
must be increased.

However, since 2009 the last trends for PLA
applications have been in durable and biobased
markets, such as automotive (seats, insulation, etc.)
and building applications (acoustic and thermal
insulation, etc.). For these last cases, the main
advantages of PLA are the high bio-based content
and the good fibrality conditions, and the corre-
sponding physical and mechanical properties.
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“Biodegradable polymers” or “compostable “biodegradability” or ‘“compostability” of their

polymers” were first commercially introduced in the
1980s. These first-generation biodegradable products
were made from a conventional polymer, usually
polyolefin (e.g., polyethylene) mixed together with
starch or some other organic substance. When
starch was eaten by microorganisms, the products
were broken down, leaving small fragments of
polyolefins.

In 1994 Narayan et al. wrote: “The U.S. biode-
gradables industry fumbled at the beginning by
introducing starch filled (6—15%) polyolefins as true
biodegradable materials. These at best were only
biodisintegradable and not completely biodegrad-
able. Data showed that only the surface starch bio-
degraded, leaving behind a recalcitrant polyethylene
material” [1].

The situation confused consumers and govern-
ment regulators, and put into question the biode-
gradable plastics market for some years. Since
then the confusion or misunderstanding appeared
about what was and what was not biodegradable
and/or compostable. Additionally, no scientifically
based test methods or standards existed to support
claims made by plastics manufacturers for the

products.

More recently, international and national stan-
dards bodies, i.e., International Organization for
Standardization (ISO), American Society for Testing
and Materials (ASTM), Japanese Standards Associ-
ation (JIS), and European Organization for Stan-
dardization (EN), have developed definitions related
to the degradation of plastics. Nowadays, ISO and
ASTM standards exist describing in detail the
purposes of “biodegradable” and “compostable.”

The ASTM D6400 standard establishes the
requirements for the labeling of materials and prod-
ucts, including packaging made from plastics, as
“compostable in municipal and industrial compost-
ing facilities” (Table 10.1).

ISO 17088 specifies test methods and require-
ments to determine and label plastic products and
products made from plastics that are designed to be
recovered through aerobic composting. It particularly
establishes the requirements for labeling of materials
and products, including packaging made from
plastics, as “compostable,” “compostable in munic-
ipal and industrial composting facilities,” and
“biodegradable during composting.”

Ebnesajjad: Handbook of Biopolymers and Biodegradable Plastics. http://dx.doi.org/10.1016/B978-1-4557-2834-3.00010-0
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Table 10.1 Definitions of Compostability According
to ASTM D6400 [2]

Compostable Plastic

A plastic that undergoes degradation by
biological processes during composting to yield
carbon dioxide, water, inorganic compounds,
and biomass at a rate consistent with other
known compostable materials and leaves no
visually distinguishable or toxic residues.

Composting

A managed process that controls the biological
decomposition and transformation of
biodegradable materials into a humus-like
substance called compost: the aerobic
mesophilic and thermophilic degradation of
organic matter to make compost, the
transformation of biologically decomposable
material through a controlled process of
biooxidation that proceeds through mesophilic
and thermophilic phases and results in the
production of carbon dioxide, water, minerals,
and stabilized organic matter (compost or
humus). Composting uses a natural process to
stabilize mixed decomposable organic material
recovered from municipal solid waste, yard
trimmings, biosolids (digested sewage sludge),
certain industrial residues, and commercial
residues.

Degradable Plastic

A plastic designed to undergo a significant
change in its chemical structure under specified
environmental conditions, resulting in a loss of
some properties that may be measured by
standard test methods appropriate to the plastic
and the application in a period of time that
determines its classification.

The definition of “compostable plastic” proposed
in ISO 17088 is identical to that given in the ASTM D
6400 standard (Table 10.2).

In spite of its very large use (and abuse), the term
“biodegradable” is not helpful because it is not
informative. The term does not convey any informa-
tion about the specific environment where the
biodegradation is supposed to take place, the rate that
will regulate the process (fast, slow), and the extent of
biodegradation (partial or total conversion into CO,).

The definition of “biodegradable” has been
assessed during the past decade. Some examples of
definitions of “biodegradable plastic” are given in the
following.

Table 10.2 Definitions of Compostability According
to ISO 17088 [3]

Compostable Plastics

A plastic that undergoes degradation by
biological processes during composting to
yield CO,, water, inorganic compounds, and
biomass at a rate consistent with other known
compostable materials and leaves no visible,
distinguishable, or toxic residue.

Composting

The autothermic and thermophilic biological
decomposition of biowaste (organic waste) in
the presence of oxygen and under controlled
conditions by the action of micro- and
macroorganisms in order to produce compost.

Compost

Organic soil conditioner obtained by
biodegradation of a mixture consisting
principally of vegetable residues, occasionally
with other organic material and having a limited
mineral content.

Disintegration
The physical breakdown of a material into very
small fragments.

ASTM definition [2]: “a degradable plastic in
which the degradation results from the action of
naturally occurring microorganisms such as bacteria,
fungi, and algae.”

ISO and CEN definition [4]: “degradable plastic
in which degradation results in lower molecular
weight fragments produced by the action of naturally
occurring microorganisms such as bacteria, fungi and
algae.”

According to ISO definition [4] degradable plastic
means “A plastic designed to undergo a significant
change in its chemical structure under specific envi-
ronmental conditions resulting in a loss of some
properties that may vary as measured by standard
test methods appropriate to the plastic and the
application in a period of time that determines its
classification.”

Japanese Biodegradable Polymers Society
(BPS) defines biodegradable plastics (called Green-
Pla) as plastics that can be used as conventional
plastics, while on disposal they decompose to water
and carbon dioxide by the action of microorganisms
commonly existing in the natural environment [5].

Most of the definitions of biodegradation are based
on the same concept: the action of microorganisms
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on the material and its conversion into carbon dioxide
or methane and water.

A plastic can be degradable without being biode-
gradable, i.e., it might disintegrate into pieces or even
an invisible powder, but not be assimilated by
microorganisms. A plastic can be degradable and
even biodegradable without being compostable, i.e.,
it might biodegrade at a rate that is too slow to be
called compostable [6].

The difference between biodegradable and compo-
stable polymers lies in additional requirements related
to the latter. Besides biodegradation into carbon
dioxide, water, inorganic compounds, and biomass,
compostable polymers must fulfill other criteria such
as compatibility with the composting process, no
negative effect on quality of compost and a degradation
rate consistent with other known composting materials.

It is noteworthy that compostable plastics are
a priori designed for a given method of safe disposal,
i.e., composting. This means that after their useful
life they will biodegrade in a composting process.
The idea of compostable polymers is in agreement
with life-cycle thinking.

To summarize, the requirements a material must
satisfy to be termed “compostable” include miner-
alization (i.e., biodegradation to carbon dioxide,
water, and biomass), disintegration into a composting
system, and completion of its biodegradation during
the end-use of the compost, which, moreover, must
meet relevant quality criteria, e.g., no ecotoxicity.
The satisfaction of requirements should be proved by
standardized test methods.

Compostable polymers can be divided according
to source of origin or method of their preparation
(Fig. 10.1).

COMPOSTABLE POLYMER MATERIALS

Petrochemical

Conventional synthesis

Biotechnology

Modification of
biomass products

Methods of

preparation

Blending

Figure 10.1 Classification of compostable polymers.

On the basis of origin, compostable polymers are
derived from renewable and petrochemical resources.

Biodegradable  polymers from renewable
resources include the following:

1. polylactide (PLA)

polyhydroxyalkanoates: poly(3-hydroxybuty-
rate) (PHB)

. thermoplastic starch (TPS)
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4. cellulose
5. chitosan
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. proteins

Biodegradable polymers from petroleum sources
comprise the following:

1. aliphatic polyesters and copolyesters (e.g., pol-
y(butylene succinate)—PBS; poly(butylene
succinate adipate)—PBSA)

2. aromatic copolyesters (e.g., poly(butylene adi-
pate terephthalate)—PBAT)
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poly(e-caprolactone)—PCL
4. polyesteramides—PEAs
5. poly(vinyl alcohol)—PVA

There are three principal ways to produce polymers
from renewable resources, i.e., bio-based polymers:

1. to make use of natural polymers that may be
modified but remain intact to a large extent
(e.g., starch polymers);

2. to produce bio-based monomers by fermenta-
tion which are then polymerized (e.g., polylac-
tic acid, PLA);

3. to produce bio-based polymers directly in
microorganisms or in genetically modified
crops (polyhydroxyalkanoates).

In general, on the b